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Abstract 

 

Vegetal concrete is a building material that is manufactured using a natural 

aggregate. This work develops a novel vegetal concrete mix using hemp and rapeseed straw 

and evaluates the physical properties, water sensitivity and long term durability 

performance of the concrete. The first part of the work characterised 24 different mixes 

made up of different binders (hydrated lime, metakaolin and Vicat natural hydraulic lime), 

bio-aggregate types (hemp and rapeseed straw), a linseed oil pre-treatment and a 

polyacrylic acid-based viscosity modifying admixture (VMA). The mixes were characterised 

regarding their bulk density, particle size distribution, water absorption, thermal and 

mechanical characteristics. The second part of the thesis is devoted to the long-term 

durability of vegetal concretes. Four of the original 24 mixes were selected for detailed 

durability testing and these mixes were: untreated hemp, hemp VMA, untreated rapeseed 

and rapeseed VMA. The mixes were studied for long term weathering and carbonation both 

in artificial conditions in the laboratory as well as in natural conditions in an outdoor 

environment. Organic and inorganic leaching was also studied as a secondary effect of long-

term weathering. Finally, the suitability of the Washburn equation was determined for 

predicting the capillary rise of water in vegetal concretes. 

The study concludes that the use of rapeseed aggregate in vegetal concrete gave 

promising results, and when compared to hemp responded well in both parts of the work. 

The use of a viscosity modifying admixture also led to very good results and is 

recommended for widespread use in vegetal concrete mixes. Greatly increasing the 

mechanical properties of the concrete as well as lowering the concrete’s water absorption 

without sacrificing the thermal conductivity. It was found that all of the mix types 

carbonated very quickly and responded relatively well to the long-term immersion testing; 

although the addition of a VMA clearly caused an increase in durability for both mix types. 

Comparing the two aggregates directly is difficult, and it can be concluded that both 

perform similarly regarding durability resistance of the mechanisms studied. However, it 

can be concluded that it was the hemp concretes that were more durable overall. This was 

because it was the hemp concretes that absorbed less water, and so suffered less strength 

reduction in the immersion tests. Both organic and inorganic leaching was found for all of 

the mixes as calcium ions as well as soluble organics such as sugars were identified in the 

experimental water; although again, the VMA mixes performed better by leaching less. 

Finally, the Washburn equation was proved to be a good start in terms of capillary rise 



iii 
 

prediction in vegetal concretes, although more work needs to be done to model the effect 

of gravity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 
 

Acknowledgements 

 

I would like to thank all of my colleagues who helped and guided me along the way 

throughout the course of my PhD. I would like to thank Kenny McDonald, Dessie Hill, Geoff 

Davies, Edward Moulds, Jamie Laing and Aiden Flaherty for their unparalleled knowledge 

and help in the laboratory. 

I would also like to thank my supervisors; Dr. Mohammed Sonebi (Queen’s 

University Belfast), Professor Su Taylor (Queen’s University Belfast) and Professor Sofiane 

Amziane (Polytech, Clermont-Ferrand) for their guidance throughout my PhD. 

I would also like to thank all of my colleagues – former and present – for the 

excellent work environment and fruitful discussions we had during my time as a PhD 

student at Queen’s University Belfast 

Finally, I would like to thank my family and friends, for supporting me through my 

PhD and continually keeping me motivated; especially my mother, Dawn Harris MA, my 

sister, Molly Sheridan and my father James Sheridan BSc. Their help, to this point, has 

allowed me to progress in my studies and finish my PhD and I am deeply indebted to them. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



v 
 

Publications 

 

J. Sheridan, M. Sonebi, S. Taylor, and S. Amziane, “The effect of a polyacrylic acid 

viscosity modifying agent on the mechanical, thermal and transport properties of hemp and 

rapeseed straw concrete,” Construction and Building Materials, vol. 235, 2020. 

 

 

J. Sheridan, M. Sonebi, S. Taylor, and S. Amziane, “The effect of long term 

weathering on hemp and rapeseed concrete,” Cement and Concrete Research, vol. 131, 

2020. 

 

Sheridan J, Sonebi M, Taylor S, Amziane S. Effect of linseed oil and metakaolin on 

the mechanical, thermal and transport properties of hemp-lime concrete. In: Second 

International RILEM Conference on Vegetal concretes. Clermont-Ferrand, France; 2017. p. 

124–32. 

  

Sheridan J, Sonebi M, Taylor S, Amziane S. Effect of Viscosity Modifying Agent on 

the Mechanical and Transport Properties of Hemp and Rapeseed Straw Concrete. In: 2nd 

International Conference on Vegetal concretes & 1st Conference on ECOlogical valorisation 

of GRAnular and FIbrous materials. 2017.  

 

Sheridan J, Sonebi M, Taylor S, Amziane S. The Effect of Long Term Weathering on 

Hemp and Rapeseed Straw Concrete. In: 3rd International Conference on Vegetal 

concretes. Belfast, U.K.; 2019.  

 

 

 

 

 

 

 

 

 

 



vi 
 

Table of Contents 

ABSTRACT ............................................................................................................................. II 

ACKNOWLEDGEMENTS.................................................................................................... IV 

PUBLICATIONS .................................................................................................................... V 

LIST OF FIGURES .............................................................................................................. XII 

LIST OF TABLES ............................................................................................................. XVII 

LIST OF EQUATIONS ...................................................................................................... XIX 

1. INTRODUCTION .............................................................................................................. 2 

1.1. Objectives .................................................................................................................... 3 

1.2. Thesis Plan ................................................................................................................... 4 

2. LITERATURE REVIEW................................................................................................... 7 

2.1. Introduction................................................................................................................. 7 

2.2. Bio-aggregates ............................................................................................................. 7 

2.2.1. History ....................................................................................................................... 7 

2.2.2. Structure of a woody plant stem ............................................................................... 8 

2.2.3. Microstructure and composition ............................................................................... 9 

Cell wall components ........................................................................................................ 11 

2.3. Bio-aggregate size and particle size distribution – image analysis .............................. 16 

2.3.4. Image analysis.......................................................................................................... 17 

2.3.5. Distributions ............................................................................................................ 18 

2.4. Bio-aggregate bulk density and porosity .................................................................... 19 

2.5. Origin, extraction and hydration processes for the binders used ............................... 21 

2.5.1. Vicat prompt natural cement (PNC) ........................................................................ 21 

2.5.2. Hydrated lime .......................................................................................................... 24 

2.5.3. Metakaolin ............................................................................................................... 26 

2.6. Setting, hardening and strength development of vegetal concretes .......................... 26 



vii 
 

2.7. Mechanical properties of vegetal concretes .............................................................. 30 

2.7.1. Compressive strength .............................................................................................. 30 

2.7.2. Influence of mixing and curing conditions on strength ........................................... 33 

2.8. Thermal conductivity of vegetal concretes ................................................................ 36 

2.9. Water absorption of bio-aggregates and vegetal concrete ........................................ 38 

2.10. Additives .................................................................................................................. 39 

Linseed Oil ......................................................................................................................... 39 

VMA ................................................................................................................................... 39 

2.11. Wetting of vegetal concrete ..................................................................................... 40 

Surface tension and interfacial tension ............................................................................. 40 

Contact angle and wettability............................................................................................ 41 

Transfer of water through porous media via capillary action ........................................... 41 

2.12. Durability of vegetal concretes ................................................................................ 43 

2.12.1. Introduction ........................................................................................................... 43 

2.12.2. Accelerated durability tests ................................................................................... 43 

2.12.3. Bio-deterioration ................................................................................................... 46 

2.12.4. Humidity Cycles ..................................................................................................... 49 

2.12.5. Full immersion ....................................................................................................... 50 

2.12.6. Carbonation ........................................................................................................... 53 

2.12.7. Other durability mechanisms ................................................................................ 57 

2.13. Conclusions .............................................................................................................. 57 

3. MATERIALS, TEST METHODS AND EXPERIMENTAL PROGRAMME ............ 60 

3.1. Introduction............................................................................................................... 60 

3.2. Materials ................................................................................................................... 60 

3.3. Methods of aggregate characterisation ..................................................................... 61 

3.3.1. Aggregate preparation ............................................................................................ 61 

3.3.2. Bulk density ............................................................................................................. 61 

3.3.3. Water absorption .................................................................................................... 61 

3.3.4. Particle size distribution – image analysis ............................................................... 62 

3.4. Methods of binder characterisation........................................................................... 63 

3.4.1. Bulk density ............................................................................................................. 63 



viii 
 

3.4.2. Particle size distribution .......................................................................................... 65 

3.4.3. X-Ray fluorescence .................................................................................................. 65 

3.5. Vegetal concrete specimens ...................................................................................... 66 

3.5.1. Mould sizes .............................................................................................................. 66 

3.5.2. Mixing, fabrication and storage ............................................................................... 66 

3.6. Mechanical tests ........................................................................................................ 70 

3.6.1. Compressive strength and elastic modulus ............................................................. 70 

3.6.2. Scanning electron microscopy (SEM) ...................................................................... 71 

3.7. Capillarity absorption ................................................................................................ 72 

3.8. Thermal testing.......................................................................................................... 73 

3.9. Weathering testing .................................................................................................... 74 

3.9.1. Immersion cycle lengths .......................................................................................... 74 

Full immersion ................................................................................................................... 75 

Partial immersion .............................................................................................................. 76 

3.9.2. Outdoor exposure ................................................................................................... 77 

3.10. Leaching................................................................................................................... 79 

3.10.1. Fourier-transform infrared spectroscopy (FTIR) .................................................... 79 

3.10.2. Calcium atomic absorption (CAA) .......................................................................... 80 

3.11. Carbonation ............................................................................................................. 81 

3.11.1. Thermogravimetric analysis (TGA) ........................................................................ 82 

3.11.2. X-Ray diffraction .................................................................................................... 83 

3.12. X-Ray tomography ................................................................................................... 84 

3.13. Capillary rise experiment ......................................................................................... 85 

3.14. Experimental summary and flow chart .................................................................... 88 

4. INITIAL CHARACTERISATION OF RAW MATERIALS AND ALL 

MIXES ................................................................................................................................................. 91 

4.1. Introduction............................................................................................................... 91 

4.2. Aggregate and binder characterisation ...................................................................... 91 

4.2.1. Bulk density ............................................................................................................. 91 



ix 
 

4.2.2. Particle size distribution .......................................................................................... 91 

4.2.3. Binder XRF ............................................................................................................... 93 

4.2.4. Water absorption .................................................................................................... 93 

4.3. Bulk density of the vegetal concretes ........................................................................ 96 

4.4. Concrete Porosity .................................................................................................... 100 

4.5. Concrete water absorption ...................................................................................... 101 

4.6. Thermal conductivity ............................................................................................... 109 

4.7. Compressive strength .............................................................................................. 112 

4.8. Elastic modulus ........................................................................................................ 121 

4.9. Conclusions .............................................................................................................. 125 

5. CARBONATION ........................................................................................................... 128 

5.1. Introduction............................................................................................................. 128 

5.2. Phenolphthalein testing........................................................................................... 128 

5.3. Carbonation profile ................................................................................................. 129 

5.4. Carbonation development ....................................................................................... 130 

5.4.1. Comparison with control samples ......................................................................... 135 

5.4.2. Outdoor carbonation ............................................................................................. 137 

5.5. The effect of carbonation on the sample masses ..................................................... 140 

5.6. The effect of carbonation on the material dimensions ............................................ 141 

5.7. The effect of carbonation on the material compressive strength ............................. 142 

5.8. Effect of outdoor carbonation on compressive strength .......................................... 147 

5.9. Conclusions .............................................................................................................. 149 

6. IMMERSION ................................................................................................................. 152 

6.1. Introduction............................................................................................................. 152 

6.2. Full immersion test .................................................................................................. 152 



x 
 

6.2.1. Mass gain ............................................................................................................... 152 

6.2.2. Sample swelling ..................................................................................................... 155 

6.2.3. Compressive strength degradation ....................................................................... 157 

6.3. Partial immersion .................................................................................................... 158 

6.3.1. Mass gain ............................................................................................................... 158 

6.3.2. Sample swelling ..................................................................................................... 161 

6.3.3. Compressive strength degradation ....................................................................... 162 

6.4. Comparison of full and partial immersion ................................................................ 163 

6.4.1. Mass gain ............................................................................................................... 164 

6.4.2. Sample swelling ..................................................................................................... 166 

6.4.3. Compressive strength degradation ....................................................................... 168 

6.5. Outdoor weathering ................................................................................................ 169 

6.6. Leaching .................................................................................................................. 170 

6.6.1. Introduction ........................................................................................................... 170 

6.6.2. Inorganic leaching .................................................................................................. 171 

6.6.3. Organic leaching .................................................................................................... 171 

6.6.4. Organic outdoor leaching ...................................................................................... 176 

6.7. Conclusions .............................................................................................................. 178 

7. CAPILLARY WATER ABSORPTION PREDICTION ............................................ 181 

7.1. Introduction............................................................................................................. 181 

7.2. Washburn’s law ....................................................................................................... 181 

7.2.1. Average pore size .................................................................................................. 181 

7.2.2. Contact angle ......................................................................................................... 184 

7.2.3. Capillary rise .......................................................................................................... 184 

7.2.4. Capillary rise prediction ......................................................................................... 193 

7.3. Conclusions .............................................................................................................. 197 

8. GENERAL CONCLUSIONS ......................................................................................... 201 

REFERENCES.................................................................................................................... 209 

APPENDIX A – BULK DENSITY RESULTS OF VEGETAL CONCRETE 

MIXES .............................................................................................................................................. 227 



xi 
 

APPENDIX B – CAPILLARY WATER ABSORPTION RAW DATA ....................... 228 

APPENDIX C – A COMPARISON OF HEMP AND RAPESEED HYDRATED 

LIME CONCRETE THERMAL CONDUCTIVITY AT 28 DAYS ............................................ 229 

APPENDIX D – CARBONATION PROFILES FOR ALL TESTING 

INTERVALS .................................................................................................................................... 230 

APPENDIX E – DRIED MASS CHANGE RESULTS FROM THE CYCLIC 

WEATHERING TEST ................................................................................................................... 231 

APPENDIX F – INTERFACE PREDICTION MATLAB SCRIPT .............................. 232 

APPENDIX G – CAPILLARY ABSORPTION MASS DATA ...................................... 235 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xii 
 

List of figures 

Figure 2.1 – Optical micrograph of a thin cross section of a hemp stem (X90 zoom) ............. 9 

Figure 2.2 – Illustration of the cross-section of a hemp stem (Magniont and Escadeillas, 

2017) ...................................................................................................................................... 10 

Figure 2.3 – Plant cell wall structure (Dinwoodie, 1989) ....................................................... 11 

Figure 2.4 – Measurable Physical Properties Using Image Analysis (Picandet, 2013) ........... 17 

Figure 2.5 – Lengths and widths of 2600 hemp shiv particles (Picandet, 2017) ................... 18 

Figure 2.6 – Chemical compositions of commonly used binders (Mertens et al., 2006) ...... 22 

Figure 2.7 – The carbonation cycle ........................................................................................ 25 

Figure 2.8 – Photograph taken after 3 days of hydration of cement paste with two kinds of 

plant aggregate inclusion: one particle of shiv (arrows 1 and 2 indicate sampling points for 

FT-IR analysis) (a); pellet made of shiv powder (b) (Diquélou et al., 2015) ........................... 27 

Figure 2.9 – Demonstration of compressive strength of hemp concrete .............................. 32 

Figure 2.10 – Compressive stress vs deformation (Nguyen, 2010) ....................................... 33 

Figure 2.11 – Literature results of compressive strength against dry density (Manh, 2014) 33 

Figure 2.12 – The evolution of compressive strength of hemp concrete in outdoor ............ 34 

Figure 2.13 – Effect of curing conditions on strength development of hemp concrete at 28 

days (Arnaud and Gourlay, 2012) .......................................................................................... 35 

Figure 2.14 – Summary of the thermal conductivity results reported in the literature ........ 38 

Figure 2.15 – Hemp shiv absorption vs. time (Sonebi et al., 2013) ....................................... 38 

Figure 2.16 – Effect of the main factors on the mould growth in a wood fibre material ...... 49 

Figure 2.17 – Variation in density and compressive strength of hemp concretes ................ 50 

Figure 2.18 – Variation of mass and compressive strength after 10 cycles of full immersion 

(Sonebi et al., 2015) ............................................................................................................... 51 

Figure 2.19 – Length variation of samples after each absorption and desorption Cycle ...... 52 

Figure 2.20 – Compressive strength reduction before and after 15 cycles of full immersion 

(Sentenac et al., 2017a) ......................................................................................................... 52 

Figure 2.21 – (a) Compressive strength results from various curing scenarios aimed at 

inducing carbonation and (b) cross-sectional comparison of carbonation ingress (Chabannes 

et al., 2015) ............................................................................................................................ 54 

Figure 2.22 – Compressive strength comparison between samples stored in the air and in 

the carbonation chamber, NHC = hemp hydrated lime, NHV = hemp Vicat, LOC = linseed oil 

hydrated lime, LOV = linseed oil Vicat (Sentenac et al., 2017a) ............................................ 55 

Figure 2.23 – Compressive strength comparison between samples stored in the air and in 

the carbonation chamber, NHC = hemp hydrated lime, NHV = hemp Vicat,  WRC = hemp 



xiii 
 

hydrated lime treated with water repellent and WRV = hemp Vicat treated with water 

repellent (Sentenac et al., 2017b) ......................................................................................... 56 

Figure 3.1 – (a) Vicat PNC, (b) White Rhino hydrated lime, (c) hemp shiv and (d) rapeseed 

straw ...................................................................................................................................... 60 

Figure 3.2 – Experimental setup for image analysis .............................................................. 63 

Figure 3.3 – Diagram of a Le Chatelier flask........................................................................... 64 

Figure 3.4 – Malvern Mastersizer hydro 2000G Machine at QUB ......................................... 65 

Figure 3.5 – PANalytical Axios advanced XRF spectrometer ................................................. 66 

Figure 3.6 – Compaction procedure (Page et al., 2015) ........................................................ 69 

Figure 3.7 – Variation of RH and residual water content inside specimens .......................... 70 

Figure 3.8 – A 200x100ᴓmm cylinder during an elastic modulus test .................................. 71 

Figure 3.9 – Rapeseed VMA sample prepared with waterproof tape ................................... 72 

Figure 3.10 – Water capillarity test setup .............................................................................. 72 

Figure 3.11 – An example of a temperature/time graph for a Vicat untreated sample ........ 73 

Figure 3.12 – Rapeseed VMA samples during a full immersion weathering test .................. 75 

Figure 3.13 – Top 10 average precipitation for European countries, mm per year .............. 76 

Figure 3.14 – Samples partially submerged during a partial immersion test ........................ 77 

Figure 3.15 – Outdoor samples prior to testing ..................................................................... 78 

Figure 3.16 – Jasco FT/IR-4100 machine ................................................................................ 79 

Figure 3.17 – PerkinElmer AAnalyst 400 AA spectrometer .................................................... 80 

Figure 3.18 – Carbonation chamber ...................................................................................... 81 

Figure 3.19 – Example of cube after powder samples have been taken ............................... 82 

Figure 3.20 – Netzsch STA 449C Jupiter machine .................................................................. 83 

Figure 3.21 - PANalytical X’Pert PRO diffractometer at QUB ................................................ 84 

Figure 3.22 – Example of bone morphometric reconstructed image of hemp shiv .............. 84 

Figure 3.23 – Capillary absorption test setup ........................................................................ 86 

Figure 3.24 – Example of capillary rise image post-analysis .................................................. 87 

Figure 4.1 – Binder particle size distribution ......................................................................... 92 

Figure 4.2 – Particle size distribution of hemp and rapeseed straw aggregate .................... 93 

Figure 4.3 – Water absorption of raw hemp and rapeseed aggregate ................................. 94 

Figure 4.4 – X-ray tomography images of hemp stalk (left) and rapeseed straw (right) ....... 95 

Figure 4.5 – Sorption coefficients for all aggregate types ..................................................... 96 

Figure 4.6 – Bulk density graph of hemp and rapeseed concrete samples at 28 days, U = 

untreated, VMA = viscosity modifying agent, Lin = linseed oil, MK = metakaolin ................. 97 



xiv 
 

Figure 4.7 – Density aggregate comparison, HU = hemp untreated and RU= rapeseed 

untreated ............................................................................................................................... 99 

Figure 4.8 – Tomography images of (a) rapeseed untreated, (b) hemp untreated, ............ 100 

Figure 4.9 – Percentage of water absorbed by mass for all mixes at (a) 14 days and (b) 28 

days ...................................................................................................................................... 102 

Figure 4.10 – Direct comparison of the effect of aggregate type, binder type, curing age 104 

Figure 4.11 – Water absorption per unit area against the square root of time for (a) hemp-

Vicat (b) hemp-HL (c) rapeseed-Vicat and (d) rapeseed HL at 14 days ............................... 106 

Figure 4.12 – Water absorption per unit area against the square root of time for (a) hemp-

Vicat (b) hemp-HL (c) rapeseed-Vicat and (d) rapeseed HL at 28 days ............................... 107 

Figure 4.13 – Thermal conductivity of all mixes at 28 days ................................................. 109 

Figure 4.14 – A comparison of thermal conductivity of samples with density at 28 days .. 111 

Figure 4.15 – Comparison of obtained results to the literature .......................................... 111 

Figure 4.16 – Compressive strengths of all mixes at (a) 7 days, (b) 28 days and (c) 90 days

 ............................................................................................................................................. 113 

Figure 4.17 – SEM images of hemp untreated Vicat samples (left) and rapeseed .............. 114 

Figure 4.18 – SEM images of hemp untreated Vicat samples (left) and hemp untreated .. 115 

Figure 4.19 – SEM images of (a) hemp untreated (b) hemp VMA (c) rapeseed untreated and 

(d) rapeseed VMA samples (all Vicat) .................................................................................. 116 

Figure 4.20 – Compressive strength development of (a) untreated, (b) VMA and (c) linseed 

oil mixes that had been partially replaced with metakaolin ............................................... 118 

Figure 4.21 – Compressive strength development of selected Vicat mixes over time ....... 120 

Figure 4.22 – Compressive strength of 28-day hemp concrete mixes found in the literature

 ............................................................................................................................................. 121 

Figure 4.23 – Elastic modulus of all mixes at (a) 7 days, (b) 28 days and (c) 90 days .......... 123 

Figure 5.1 – Phenolphthalein test conducted on (a) hemp untreated and (b) hemp VMA . 128 

Figure 5.2 – Carbonation profiles of Vicat mixes after 12 weeks in the carbonation ......... 129 

Figure 5.3 – Carbonation development in mixes from 28 days to 26 weeks....................... 130 

Figure 5.4 – Derivative thermogravimetric data for untreated mixes after 6 months ........ 131 

Figure 5.5 – Derivative Thermogravimetric Data for untreated Mixes After 6 months ...... 132 

Figure 5.6 – FTIR graphs for control and carbonated hemp and rapeseed VMA samples .. 132 

Figure 5.7 – XRD traces for hemp and rapeseed VMA samples after .................................. 133 

Figure 5.8 – Carbonation results from the literature (Chabannes et al., 2015) .................. 134 

Figure 5.9 – Comparison of carbonation level between test and control samples ............. 136 



xv 
 

Figure 5.10 – Comparison of levels of carbonation at centre of sample between 28-day 

samples and outdoor samples ............................................................................................. 137 

Figure 5.11 – DTG data for outdoor untreated mixes ......................................................... 138 

Figure 5.12 – DTG data for outdoor VMA mixes .................................................................. 139 

Figure 5.13 – XRD traces for hemp and rapeseed outdoor VMA samples .......................... 139 

Figure 5.14 – Variation in mass versus time ........................................................................ 140 

Figure 5.15 – The effect of carbonation on sample cross-section for all mixes .................. 141 

Figure 5.16 – The effect of carbonation on compressive strength of all mixes................... 142 

Figure 5.17 – Percentage difference in compressive strength between tested and control

 ............................................................................................................................................. 143 

Figure 5.18 – SEM images of (a) hemp untreated, (b) hemp VMA, (c) rapeseed untreated144 

Figure 5.19 – Evidence of mineralisation of vegetal aggregates in carbonated hemp VMA 

sample .................................................................................................................................. 145 

Figure 5.20 – Evidence of aggregate mineralisation (Magniont et al., 2012) ...................... 145 

Figure 5.21 – Carbonation strength development results ................................................... 146 

Figure 5.22 – Comparison of 28-day control samples and outdoor samples regarding ...... 147 

Figure 5.23 – SEM images taken from (a) hemp untreated, (b) hemp VMA, (c) rapeseed 

untreated and (d) rapeseed VMA samples stored in outdoor conditions for 1 year .......... 148 

Figure 6.1 – The effect of aggregate type on mass change per cycle over time with ......... 152 

Figure 6.2 – SEM images of untreated hemp (left) and untreated rapeseed (right) samples

 ............................................................................................................................................. 153 

Figure 6.3 – SEM imaging of 28 day control samples (top line) and mixes after 20 cycles of 

the full immersion weathering test (bottom line) ............................................................... 155 

Figure 6.4 – Effect of VMA and aggregate type on cross-sectional swelling of concrete 

samples ................................................................................................................................ 156 

Figure 6.5 – Compressive strength development of concrete mixes during the weathering 

test ....................................................................................................................................... 157 

Figure 6.6 – The effect of mix type on mass change per cycle over time with.................... 159 

Figure 6.7 – SEM imaging of 28 day control samples (top line) and mixes after the 

conclusion of the partial immersion weathering test (bottom line), arrows denote voids 160 

Figure 6.8 – Effect of VMA and aggregate type on cross-sectional swelling of concrete .... 161 

Figure 6.9 – Compressive strength degradation of samples during the partial immersion test

 ............................................................................................................................................. 162 

Figure 6.10 – A comparison of the full and partial immersion test results for (a) rapeseed 

samples and (b) hemp samples regarding mass gain .......................................................... 165 



xvi 
 

Figure 6.11 – SEM imaging of full immersion test samples (top line) and partial immersion 

test samples (bottom line) after testing had been completed ............................................ 166 

Figure 6.12 – A comparison of the full and partial immersion test results for (a) rapeseed 

samples and (b) hemp samples regarding changes in cross-sectional area ........................ 167 

Figure 6.13 – A comparison of the full and partial immersion test results for (a) rapeseed168 

Figure 6.14 – Strength results from the outdoor weathering samples against the ............ 170 

Figure 6.15 – Inorganic leaching of vegetal concretes......................................................... 171 

Figure 6.16 – FTIR data for all mixes before and after the full immersion weathering test 174 

Figure 6.17 – FTIR data for all outdoor mixes ...................................................................... 177 

Figure 7.1 – Pore distribution data for all mixes .................................................................. 183 

Figure 7.2 – Experimental capillary rise for all untreated rapeseed samples ...................... 185 

Figure 7.3 – Sample images from the untreated rapeseed capillary rise experiment ........ 186 

Figure 7.4 – Experimentally determined capillary rise all mixes ......................................... 187 

Figure 7.5 – Experimentally determined capillary rise all mixes plotted against the .......... 189 

Figure 7.6 – Water adsorption/absorption curve by the immersion of chips (60 × 7 × (1–3) 

mm3) of hemp and of sunflower as a function of the square root of elapsed time (a). 

Comparison between the gravimetric water adsorption/absorption and the tangential 

swelling during immersion (b) (Nozahic, 2012) ................................................................... 190 

Figure 7.7 – Absorption images for pure Vicat samples at intervals throughout the 

experiment ........................................................................................................................... 191 

Figure 7.8 – Capillary absorption mass data for Vicat mixes ............................................... 192 

Figure 7.9 – Images from the start and end of aggregate only test .................................... 193 

Figure 7.10 – Capillary rise prediction using Washburn’s law ............................................. 195 

 

 

 

 

 

 

 

 

 

 

 

 



xvii 
 

List of tables 

Table 2.1 – Chemical composition of some common bio-aggregates and trees ................... 15 

Table 2.2 – Density and porosity values found in literature for various bio-aggregates ....... 20 

Table 2.3 – Chemical formula of major constituent parts of Vicat PNC and ordinary Portland 

cement (OPC) ......................................................................................................................... 23 

Table 2.4 – Mechanical test literature ................................................................................... 31 

Table 2.5 – Testing parameters taken from the literature .................................................... 37 

Table 2.6 – Durability studies from the literature ................................................................. 45 

Table 2.7 – Variation of the thermal conductivity of hemp concretes before and after 

wetting and drying cycles (Abdellaoui, 2014; Marceau et al., 2015) .................................... 50 

Table 2.8 – Immersion and drying tests from the literature ................................................. 51 

Table 3.1 – Mixture composition of all mixes in this investigation by mass (%) ................... 68 

Table 3.2 – Cycle lengths (days) for all mixes used in the immersion experiments .............. 75 

Table 3.3 – Weather statistics for Northern Ireland during the outdoor testing (Met Office, 

2019) ...................................................................................................................................... 78 

Table 3.4 – Dilution factors for the testing water of all mixes for the calcium AA experiment

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

Table 3.5 – Which tests were conducted on which mixes (and how many samples of each)89 

Table 4.1 – Bulk density results of the aggregates and binders ............................................ 91 

Table 4.2 – Chemical makeup of hydrated lime, Vicat PNC and metakaolin using XRF ........ 93 

Table 4.3 – Coefficient of variance values for mix bulk density results at 28 days (%) ......... 99 

Table 4.4 – Calculated porosity of select concrete samples using X-ray tomography at 28 

days ...................................................................................................................................... 101 

Table 4.5 – COV of water absorption for all mixes at both testing dates (%) ...................... 103 

Table 4.6 – Initial rates of absorption for all mixes ............................................................. 105 

Table 4.7 – Coefficients of absorption for all mixes ............................................................ 105 

Table 4.8 – Coefficient of variation values for thermal conductivity results of all mixes (%)

 ............................................................................................................................................. 110 

Table 4.9 – COVs for compressive strength results for all mixes at 7 days ......................... 117 

Table 4.10 – COVs for compressive strength results for all mixes at 28 days ..................... 117 

Table 4.11 – COVs for compressive strength results for all mixes at 90 days ..................... 117 

Table 4.12 – COVs for elastic modulus results for all mixes at 7 days ................................. 124 

Table 4.13 – COVs for elastic modulus results for all mixes at 28 days ............................... 124 

Table 4.14 – COVs for elastic modulus results for all mixes at 90 days ............................... 124 



xviii 
 

Table 4.15 – Summary table for all experiments conducted on all 24 vegetal concrete mixes

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

Table 5.1 – Summary of the abbreviations used in the XRD annotation ............................. 133 

Table 5.2 – COVs for the effect of carbonation on compressive strength (%) .................... 142 

Table 6.1 – Coefficient of variance values for all mixes ....................................................... 158 

Table 6.2 – COVs for all partial immersion results ............................................................... 163 

Table 6.3 – Weather statistics for Northern Ireland during the outdoor testing (Met Office, 

2019) .................................................................................................................................... 169 

Table 6.4 – Description of main infrared absorption peaks for bio-aggregates .................. 172 

Table 7.1 – Average pore sizes for all mixes ........................................................................ 182 

Table 7.2 – Contact angles taken from Washburn’s law prediction data ............................ 196 

Table 8.1 – Summary table for all experiments conducted on all 24 vegetal concrete mixes

 ............................................................................................................................................. 203 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xix 
 

List of equations 

Equation 2.1 ........................................................................................................................... 24 

Equation 2.2 ........................................................................................................................... 24 

Equation 2.3 ........................................................................................................................... 24 

Equation 2.4 ........................................................................................................................... 24 

Equation 2.5 ........................................................................................................................... 24 

Equation 2.6 ........................................................................................................................... 25 

Equation 2.7 ........................................................................................................................... 26 

Equation 2.8 ........................................................................................................................... 26 

Equation 2.9 ........................................................................................................................... 41 

Equation 2.10 ......................................................................................................................... 41 

Equation 2.11 ......................................................................................................................... 42 

Equation 2.12 ......................................................................................................................... 42 

Equation 2.13 ......................................................................................................................... 42 

Equation 2.14 ......................................................................................................................... 53 

Equation 3.1 ........................................................................................................................... 61 

Equation 3.2 ........................................................................................................................... 62 

Equation 3.3 ........................................................................................................................... 63 

Equation 3.4 ........................................................................................................................... 64 

Equation 3.5 ........................................................................................................................... 74 

Equation 4.1 ........................................................................................................................... 95 

Equation 7.1 ......................................................................................................................... 181 



1 
 

 
 

 

 

 

 

 

 

Chapter 1: Introduction  



2 
 

1. Introduction 

In recent decades subjects such as sustainability, carbon footprint and pollution are 

issues that have become increasingly important and well known to everyone on a global 

scale. It is widely recognised that the human race is required to revise its stance on these 

issues, as industry, construction, energy and transport cause degradation to the 

environment and the planet as a whole. Thus, sustainability has a necessary focus in 

research across the globe. 

At the time of writing concrete is the second most consumed resource by the 

human race after water (Fehling et al., 2008) and the construction sector as a whole is an 

industry with a vast carbon footprint. Indeed, the production of cement alone accounts for 

5% of the entire worlds CO₂ output according to The Cement Sustainability Initiative (2012), 

or 7% according to Malhotra (2004). This prediction is based on the fact that 1 tonne of 

cement produced results in 1 tonne of CO₂ released into the atmosphere (Davidovits, 

1994). The International Energy Agency (IEA) reported that 4.1 Gt of cement was produced 

resulting in 4.1 Gt of CO₂ emissions in 2017 and the consumption of 10.5 Ej of energy 

(2018).  

This along with the additional fact that energy consumption within the building 

sector needs to be reduced has led to a focus in research on more sustainable building 

materials. Energy use within buildings can be greatly reduced simply by better insulation. It 

is reported by Eurostat (2018) that 25.7% of all energy used in the European Union in 2013 

was in households, slightly ahead of industry (25%) and behind only transport (33.2%). It is 

reported by the UK Department of Energy & Climate Change that in the UK the amount of 

household energy that is used in heating space amounted to 62% (Palmer and Cooper, 

2013). Thus, based on these figures roughly 15.9% of all energy used was in the heating of 

space, this is a number that has potential to be reduced by the use of new and improved 

building materials that are both sustainable to produce and also provide excellent levels of 

insulation. Both of these energy sectors need to be improved and their carbon footprint 

reduced if the EU is to attain its global emissions targets of a reduction in greenhouse gas 

emissions of 40% for 2030 and 80% for horizon 2050 compared to the 1990 level. 

One such material that has the potential to achieve both of these targets is hemp 

concrete. This concrete is most commonly made up of chopped hemp shiv, a lime binder 

and water. And is well known to be a great insulator (Benfratello et al. 2013 & Sassoni et al. 

2014). As the aggregate in this composite is a plant, the material is environmentally 

friendly, fast growing (2 m per year) and low cost. However, this project also presents an 
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alternative novel aggregate that is chopped rapeseed straw. Rapeseed straw is widely 

available in the UK and is commonly found as a waste product from the rapeseed oil 

industry. It is also used for food and animal bedding and could be seen as the UK’s 

alternative for a bio-aggregate. A factor that needs to be kept in mind at all times when 

investigating the use of any material is its sustainability. And a large part of any material’s 

sustainability is the associated transport costs. There is little point utilising bamboo, for 

example, in the UK even though it is an excellent material as the transport costs would 

greatly impact its sustainability. Consequently, it is important that projects use an 

aggregate that is widely available locally to them. Whether that be bamboo or jute in Asia, 

or sisal in South and Central America; this is essential to maintaining the sustainability of 

the bio-based building material. 

Bio-aggregates are environmentally friendly not only because they require little 

energy to manufacture them in comparison to standard mineral binders, but also because 

they store carbon throughout their lifecycle. A plant requires carbon dioxide to grow during 

its lifetime, and that energy is stored within the fibres when it is manufactured into a 

building material. When this is combined with a lime binder, the effect increases. This is 

due to carbon dioxide being absorbed throughout the service life of the lime element 

through the process of carbonation. Two different types of lime are used in this project as 

well as a partial replacement of the lime with metakaolin; a type of calcined clay. This 

material is also studied because of its improvement of properties in ordinary concrete 

mixes (Manh, 2014). And specifically because metakaolin has shown to reduce the amount 

of water absorption of concrete (Haining and Qiu, 2017); which is a known weakness of 

vegetal concretes and will be investigated further in section 4.5. 

 

1.1. Objectives 

The main aim of this work is to evaluate and improve the mechanical and water 

absorptive performance as well as the performance of the long-term durability of vegetal 

concretes. In order to do this, 24 mixes will be initially characterised and four will be chosen 

for detailed durability testing in the field of weathering and carbonation. The main 

objectives are as follows: 

 

 To evaluate the mechanical, thermal and water absorption behaviour of 24 

different vegetal concrete mixes in order to optimise their performance. 
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 To experimentally assess and analyse the effect of carbonation on vegetal 

concretes. 

 To investigate the effect of weathering on vegetal concretes. 

 To investigate leaching of vegetal concretes; both organic and inorganic. 

 To analyse the capillary action of vegetal concretes and validate the 

effectiveness of the Washburn equation in predicting it. 

 

1.2. Thesis Plan 

This thesis will be a six-chapter thesis the first of which being the introduction. The 

second chapter will be a detailed review of the appropriate literature on the topics studied 

in this project. A brief history of the materials and their makeup will be presented before 

moving on to a review of some of the literature pertaining to their performance and 

suitability as a building material. Testing methods for these characterisation tests such as 

compressive strength and thermal conductivity will be discussed as well as the results they 

yielded and finally a review of the durability literature regarding vegetal concretes. From 

there the gaps in the literature will be highlighted and an experimental program to fill some 

of those gaps will be proposed. 

The third chapter will be the methodology chapter where all the experimental 

methods used in this project are described in detail. Information on where the materials 

used in this project were sourced from will also be given. 

The fourth chapter will be the first of two research chapters and encompasses all of 

the initial characterisation testing conducted on the original 24 mixes with all the 

alternative aggregates, binders, pre-treatments and admixtures. From there four mixes 

were selected to proceed with for in-depth durability testing, the selection criteria will be 

based purely on thermal, hydric and mechanical performance testing as well as density and 

particle size distribution analysis. These results will be supported by advanced 

microstructural techniques such as scanning electron microscopy (SEM) and X-ray 

tomography in order to develop an understanding of the results and explain them clearly. 

After the four mixes are chosen the fifth chapter is the durability chapter. This 

chapter firstly details long term carbonation and its effects on the mass and dimensions of 

the concrete specimens as well its effect on compressive strength. Two test setups are 

studied; an indoor carbonation chamber setup and an outdoor natural carbonation setup. 

Again, advanced techniques such as thermogravimetric analysis (TGA) and SEM will be used 

to elucidate the effect of long-term carbonation on the properties of the materials. 
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Next the chapter will present the results of the long-term weathering testing and its 

effect on specimen mass, size and strength. An alternative method of partial immersion will 

also be presented as a different method found in the literature to this point. The effects of 

this alternative method on the properties of the specimens will be presented and 

compared with the original full immersion test results. Finally, the effect of natural outdoor 

weathering will be studied and all of the results will again be supported by techniques such 

as SEM and Fourier transform infrared spectroscopy (FTIR). 

Following that the chapter will investigate the leaching of the concretes; both 

organic and inorganic. These leaching results will also be looked at comparatively with the 

FTIR data to develop an understanding of the leaching products of vegetal concretes. The 

capillary action mechanism in the bio-concretes will also be studied and the experimental 

results will also be compared with the theoretical results obtained from the Lucas-

Washburn equation on capillary rise as a function of time. 

Finally, chapter six will present the general conclusions of the obtained results in 

the study, and future works resulting from this project will also be recommended to 

continue research into the areas investigated. 
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2. Literature Review 

2.1. Introduction 

This chapter delves into the existing literature that is available on vegetal concretes 

and will include sub-sections on bio-aggregates as a whole as well as binders that have 

been used in this PhD. Additionally, all of the various additives, coatings and surface 

treatments were reviewed that have been studied with regard to this material type. 

Existing studies investigating the mechanical, thermal and water absorption properties as 

well as other characterisation methods were also reviewed and finally so too will be studies 

pertaining to the durability of these materials. 

 

2.2. Bio-aggregates 

As stated in chapter 1 numerous different kinds of bio-aggregates have been 

studied with a view to developing a sustainable building material with a wide range of 

applications. Hemp is a material that has been previously researched and is seen as a 

potentially ideal bio-aggregate due to its sustainability, rapid availability (the plant grows 

up to 2m per year) and promising hygric and thermal properties. Taking this into 

consideration it was decided that hemp would be a suitable material to choose as the base 

of the research and as an acting control. An element of the sustainable nature of this 

material is that bio-aggregates grow all over the world – even if not all one species – thus a 

counterpart to hemp needed to be sourced here in the UK; as described in chapter 1 the 

aggregate loses much of its sustainability if it has to be transported long distances before 

mixing. As a result, rapeseed straw was proposed as a local aggregate to be tested due to 

its widespread growth and availability in the UK and Ireland. 

 

2.2.1. History 

The history of hemp (Cannabis sativa L.) appears to have deep roots in human 

society and is believed by archaeologists to have been utilised for more than 12 000 years 

(Stone Age). The earliest records of hemp fibre being used are in cord impressed pottery on 

the south China coast, particularly at the Yuan Shun site in Taiwan (Chang, 1977). 

Subsequently throughout history it has been used globally for many different applications 

including food, medicine and spirituality. The fibres were also utilised to make rope, fabric, 

clothes and ship’s sails (Ballanco 1995 & Meijer 1995) from Europe to Africa to Asia (Merlin, 

2003). Due to social and political pressures in recent times hemp use and production has 

vastly reduced however it is clear that even the Tetrahydrocannabinol (THC) free 
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components of the plant (the stem and the core) have an expansive history dating back 

millennia. 

Rapeseed (Brassica napus), also known as oilseed has also been cultivated for a 

long time but its history in human society is not quite as lengthy. Evidence has been found 

of its cultivation in ancient Indian Sanskrit writing dating back to 2000-1500 BC (Singh, 

1958). More evidence uncovered in ancient Greek, Roman and Chinese writings dated to 

500-200 BC mention medicinal benefits gained from the plant (Prakash and Hinata, 1980). 

 

2.2.2. Structure of a woody plant stem 

The structure of hemp has been well described by numerous sources (Ministry of 

Agriculture and Food, 1999; Cronier et al., 2005; Picandet, 2013) and can be summarised as 

follows, beginning from the centre of the plant cross-section (Figure 2.1): 

 

 A hollow core, 

 A pith layer consisting of spongy, soft parenchyma cells with intercellular 

spaces, 

 A xylem layer consisting of a thick woody tissue that supports and structures 

the plant and vessels that transport water and minerals along the stem (this is 

what becomes the hemp shiv), 

 The cambium layer (growth area), this is where the hurds and fibres separate 

during the retting process. This layer produces hurds on the inside and bark and 

bast on the outside, 

 The phloem layer (or parenchyma layer) contains both long bast fibres, low in 

lignin, and shorter secondary fibres containing chlorophyll and high in lignin, 

 The cortex layer which is a thin layer of cells containing no fibres but are high in 

chlorophyll, 

 The outer epidermis layer, this is the thin outer protective layer. 
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Figure 2.1 – Optical micrograph of a thin cross section of a hemp stem (X90 zoom)  

(Vignon et al., 1995) 

These layers were identified using optical micrograph after being stained with 

Mirande’s reagent (green carmine) by Vignon et al. (1995) (Fig. 2.1). The effect of Mirande’s 

reagent was to stain lignin-rich cells of the xylem green and cellulose-rich tissues 

(epidermis, phloem and pith) pink. This profile is similar amongst all plant stems and all 

follow roughly the same structure just with differing quantities. 

 

2.2.3. Microstructure and composition 

Extraction and microstructure of shiv 

As mentioned in section 2.2.2, the hemp stem is composed of different materials 

that have different practical applications. In order to obtain these materials after the hemp 

has been harvested the relevant components need to be separated. This is achieved usually 

by retting or more usually mechanical defibration (Sponner et al., 2000). During the 

decortication of the straw the fibres and the woody part of the stem are separated. After 

decortication the woody part of the stem is shredded forming shiv. It is reported in the 

literature that 100 kg of straw yields roughly 30 kg of fibre, 60 kg of hemp shiv and 10 kg of 

dust (Bevan and Woolley, 2008; De Bruijn et al., 2009). 

Figure 2.2 shows a schematic representation of a cross-section of a hemp stem and 

Figure 2.3 shows an actual image of a hemp stem with the fibres partially removed. In 

comparison rapeseed has a greatly similar makeup in its stem however the only difference 

is that the fibres harvested from hemp are called bast fibres and in rapeseed they are called 

brassica. 
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Figure 2.2 – Illustration of the cross-section of a hemp stem (Magniont and Escadeillas, 

2017) 

 

As can be seen regarding area of the cross section most is composed of the woody 

hurd/shiv. This is surrounded by relatively long and not very heavily lignified fibres (Cronier 

et al., 2005). The fibres represent a considerably smaller volume in comparison but still 

have an important application as they are used in the textile, paper, insulation and 

biopolymer industries. The woody shiv section is used for garden mulch, animal bedding 

and bio-aggregates in vegetal concretes.  

According to Balčiunas et al. (2013) this larger shiv section accounts for between 60 

and 80 % of the total mass of the stem and are largely composed of longitudinal, dead and 

empty xylem cells. It is these longitudinal cells that give the material its interestingly porous 

microstructure. These cells are intrinsically complicated composites themselves (Figure 2.3) 

and comprise multiple layers of bundled cellulose microfibrils embedded in a matrix of 

hemicellulose and pectin. These can be split into a primary wall and a secondary wall, and 

these are bonded together with pectin (middle lamella). Inside the secondary wall three 

distinguishable sublayers are observed and all of these cells are given structure by lignin; 

another benefit of lignin to these cells is water-impermeability.  
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Figure 2.3 – Plant cell wall structure (Dinwoodie, 1989) 

 

These components (cellulose, hemicellulose and lignin) are termed bio-polymers, 

and are joined by pectin as described above as well as other organic and inorganic 

substances such as fats, waxes and ash to make up cell walls. These substances were 

described in the following paragraphs.  

 

Cell wall components 

The combination of cellulose and hemicellulose creates the main constituent of 

plant aggregates that is called holocellulose. In other words this holocellulose is a group of 

simple sugars also known as polysaccharide which, according to Rowell et al. (2005) is rich 

in hydroxyl groups that are effective and responsible for hydrogen bonding (moisture 

sorption).  

As mentioned earlier the stem of the plant follows much the same structure 

whether it be hemp or rapeseed, the main difference being only the percentage of each 

component. Table 2.1 illustrates these differences and includes many other common bio-

aggregates, plants and trees for comparison. 

 

Cellulose 

Cellulose is ordinarily the primary component of both the primary and secondary 

cell walls and is a complex hydrophilic glucan polymer.  

 

Cellulose contains different regions that are either highly amorphous or crystalline 

depending on the density of their packing. According to Rowell (2005) the distribution of 
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the amorphous to crystalline cellulose regions is over 65% crystalline and it is this 

crystalline structure which gives rigidity and mechanical resistance to the fibers, it is also 

hydrophobic. Cellulose is mainly present in the cell wall as micro fibrils, the diameter of 

which measuring between 2 and 20 nm and 100-400 nm in length (Akin, 2010).  

 

Hemicellulose 

As mentioned previously cellulose is the most plentiful component in a cell wall, 

following this the second most plentiful is hemicellulose; another carbohydrate. In 

comparison to the microfibril component of the cell wall the hemicellulose is compared to a 

matrix and is often found in the middle lamella binding fibrous cell walls together with 

cellulose, aromatic compounds (such as lignin) and pectins (Mohanty et al., 2005). 

Hemicellulose is highly hydrophilic and is also easily hydrolysed in acids and soluble in even 

diluted alkali solutions (Magniont and Escadeillas, 2017). This is of pertinent interest to this 

PhD as this directly affects the durability of the bio-aggregate in an alkaline mineral matrix 

and its interface with such binders.  

 

Lignin 

Lignin bonds to hemicellulose through covalent bonds and then is associated with 

cellulose only by the intermediary of the hemicelluloses (Akin, 2010).  

The filling of this space by lignin is called lignification and is responsible for the 

stiffening of the cell walls; thus, the primary role of lignin is to support them. Lignin is also 

highly resistant to microbial attack (Akin, 2008) so this property combined with its role of 

providing physical and chemical resistance (Mohanty et al., 2005) makes it indirectly the 

primary driving force behind the growing market for this material (Buranov and Mazza, 

2008). The nature and amount of lignin, however, is highly variable because different 

lignins require different methods of analysis and wide ranges of quantities are thus 

reported in the literature (Table 2.1). This is a problem regarding the durability question as 

it is an important parameter for the durability characteristics of bio-aggregates so ideally 

the exact amount of lignin would be known in order to proceed with the most promising 

plant species.  
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Pectin 

Pectins are found in the primary cell walls of most plants but are also a major 

component of the middle lamella and constitute up to 5% of woody tissue (Magniont and 

Escadeillas, 2017).  

Pectins play a number of roles including mechanical resistance, cell adhesion, ion 

binding and wall porosity (Mohnen, 2008). These and other properties are determined by 

the state of the pectin in question, specifically whether the carboxyl group of the pectin on 

carbon-6 exists in acid form or with a methoxyl group. If the hydrogen atom on the carboxyl 

group (-COOH) disassociates to a H  ion then the pectin becomes a chelator, and has a 

particular affinity to calcium Ca  ions. Thus the galacturonic acid residues can be bridged 

and further confer stability upon the plant tissue (Sakai et al., 1993; Akin, 2010). The 

highest concentration of calcium in the cross-section of a plant stem is in the epidermis 

cells and subsequently this is also where the highest concentration of pectin can be found, 

as shown by study conducted by Jauneau et al. (1997) on the pectin and calcium 

distribution of flax stems. This was supported by a study conducted by Akin et al. (2004) 

that concluded that calcium levels in the rigid cuticle/epidermis tissue was 5.5 fold-greater 

than in the fibers of flax. 

This barrier and hence added rigidity only adds to the already difficult task of 

breaking down the cuticle-epidermis layer during the retting process (Akin, 2013) and thus 

other chelators have been trialled to weaken the stiffness induced by pectin and remove 

Ca  and other divalent ions. The use of ethylenediaminetetraacetic acid (EDTA) was 

patented by Sharma (1988) and has proven effective at removing these ions that are 

bridged with the polygalacturonic acid and so resulting in the disruption and removal of 

calcium-rich epidermal layers (Sakai et al., 1993; Adamsen et al., 2002; Akin et al., 2007).  

However, this retting process then presents a problem; as the Ca  ions are 

destabilised and removed from the pectins the carboxyl group described previously is now 

back to being reactive with the oxygen element missing an electron. This reaction within 

concrete binders has not yet been studied in adequate detail but it is simple to see how this 

can be a problem regarding vegetal concretes. When hydraulic binders are mixed with 

water the resulting constituents are calcium silicate hydrates (responsible for early binder 

strength and strength throughout), aqueous calcium hydroxide and heat. Calcium 

hydroxide is key because when it is in an aqueous solution the compound ionises and 

results in 2OH  ions (explaining why liquid hydraulic binders are so highly alkaline) and 

Ca . If left alone with time it will undergo a pozzolanic reaction and further contribute 
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strength in a mixed-blend cement. However, pertaining to bio-aggregates it is quite 

possible that the pectin in the bio-aggregates “trap” these aqueous calcium ions and retard 

later-age strength development, which could be a considerable problem for sustainable 

binders that are typically mixed blend cements or lime (calcium hydroxide) based. This 

process needs to be further studied as to the reliability and frequency of this calcium 

trapping phenomena otherwise alternative retting techniques need to be developed to 

avoid separating the natural calcium from the pectin in the epidermis/cuticle layers.  

 

Extractives 

The extractive category represents the easily-extracted non-structural chemical 

components of the plant stem. These include some carbohydrates, proteins, hydrocarbons, 

lipids (fats, waxes, oils etc.), phenolic compounds and inorganic materials.  

Extractives are known to govern certain durability as well as cosmetic properties of 

the plant such as colour and smell (Rowell et al., 2005) and as pertains to the bio-aggregate 

application can also interact with mineral compounds in prospective binders and degrade 

its properties. This will be explored further in sections 6 and 7.  

 

Ash 

The ash in a plant is defined as its inorganic content and they can either be 

structural or extractable using washing or extraction (Sluiter et al., 2010). According to 

Vassilev et al. (2010) this inorganic content can be split into three sub-categories: crystalline 

(including silicate, chloride, nitrate and carbonate minerals etc), semi crystalline (poor 

crystallised forms of the same minerals) and amorphous (amorphous phases of certain 

glasses and silicates etc). 
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Table 2.1 – Chemical composition of some common bio-aggregates and trees 

Raw Material Holocellulose (%) Cellulose (%) Lignin (%) Ash (%) Extractives (%) 

Hemp (Thomsen et al., 2005)      

    Core 68 – 73 47 – 48 16 – 19 1 – 2 8 – 9 

    Bast 80 – 86 73 – 77 4 – 6 2 – 3 6 – 7 

Rapeseed Straw  

(Housseinpour et al., 2010) 

 

77.5 48.5 20 6.6  

Wheat Straw  

(Deniz et al., 2004) 

Wheat Straw 

(Khan and Mubeen, 2012) 

Wheat Straw  

(Plazonic et al., 2016) 

74.5 

 

54.7 – 66 

 

47.51 

 

33.7 – 40 

 

48.28 

15.3 

 

11 – 22.9 

 

24.66 

4.7 

 

7 – 9.9 

 

9.27 

 

 

 

 

3 

Triticale Straw 

(Plazonic et al., 2016) 

 52.88 12.59 5.27 3.02 

Barley Straw 

(Plazonic et al., 2016) 

 45.89 21.71 7.14 2.61 

Flax Fibre (Han, 1998) 67 – 73 43 – 47 21 – 23 5  

Bamboo (Han, 1998) 41 – 69 26 – 43 21 – 31 1.7 – 5  

Bamboo (Li, 2004) 

Phyllostachys heterocycla 

Phyllostachys nigra 

Phyllostachys reticulata 

 

76.8 

66.4 

51.8 

 

49.1 

42.3 

25.3 

 

26.1 

23.8 

25.3 

 

1.3 

2.0 

1.9 

 

4.6 

3.4 

3.4 

Jute (Han, 1998)      

    Core 59 – 70 41 – 48 21 – 24 0.8  

    Bast 63 – 84 45 – 63 21 – 26 0.5 – 2  

Wood Species 

(Potůček and Miklík, 2010) 

    Oak 

 

 

67.54 

 

 

 

 

 

21.37 

 

 

0.55 

 

 

10.54 

    Beech 72.25  24.47 0.64 2.64 

 

Water 

Finally, and as with all-natural products water is present within plants and can be 

found throughout the cell walls, influencing their properties. Ordinarily this content ranges 

from 10-60% however as was reported by Vassilev et al. (2010) can reach up to 90% in 

some biomass species. 
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2.3. Bio-aggregate size and particle size distribution – image analysis 

When discussing particle size distribution of aggregates, it is clear that the current 

standards that are published and utilised for mineral aggregates are not quite as effective 

for bio-aggregates. This is due to the contrasting nature between the two; ordinary 

aggregates are typically very hard with low porosity, denser and are generally rounder in 

shape, thus enabling mechanical sieving as an effective tool for size characterisation. 

However these characteristics do not apply to bio-aggregates and hence an alternative 

method was developed by Amziane et al. (2017) and is based on using image analysis. 

Image processing 

Image analysis can be conducted using a conventional flat office scanner and offers 

a two-dimensional observation of the particles by acquiring a colour image that can be 

converted into an 8-bit grayscale and can then be processed using an image analysis 

program. The program used in this project is the free open source program accessible 

online called “ImageJ”. 

For analysis to be carried out the particles first need to be spread out so that they 

are not overlapping or touching so the results are not skewed by the analysis program 

believing two separate particles are one large particle. On a single sized flatbed scanner this 

can be very difficult (Igathinathane, Melin, et al., 2009; Igathinathane, Pordesimo, et al., 

2009) and time consuming so a faster method is to split the sample into smaller samples 

and do multiple scans, then compile the data at the end. This method still takes a long time, 

but is quicker and less laborious than trying to fit everything in to one scan. 

As hemp and rapeseed straw are light in colour, a dark background during the scan 

is advised for maximum contrast (Sofiane Amziane et al., 2017). After the scan has been 

completed the image needs to be converted into grayscale and thresholded to produce a 

binarized image. Picandet (2017) also reported that this can be the most difficult step in 

this process because of something termed the halo effect. This effect varies in severity and 

reduces the level of grey of the pixels on the outermost boundary of the lightest objects. 

Therefore an incorrect threshold may result in an artificial increase of the size of these 

particles ruining the accuracy of the method (Igathinathane, Melin, et al., 2009; 

Igathinathane et al., 2009; Igathinathane, Pordesimo, et al., 2009; Nguyen et al., 2009). To 

overcome this as much as possible the threshold can be adjusted at the lower boundary to 

contain this halo effect to as little as a one-pixel band around each particle. 

Next, the resolution of the images to be analysed needs to be decided. A standard 

resolution for a flatbed scanner is 600 DPI (dots per inch) on both axes resulting in a 

constant scale factor of 0.0423 mm per pixel. This scale needs to be set not only to convert 
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the analysis results from pixels into mm it also allows a set minimum analysable area to be 

set. A 600 DPI resolution flatbed scanner easily complies with the recommendations of ISO 

9276-6:2008 (2008) of a minimum particle size of 100 pixels (Picandet, 2017). 

 

2.3.4. Image analysis 

Bitra et al. (2009) reported that due to the shredding process and also the 

microstructure of the plant the particles mostly have irregular and angular forms. Bitra et 

al. (2009) also reports that the finest particles tend to be convex and polygonal whereas the 

coarser particles usually diversify and include non-convex particles. As can be seen in Figure 

2.4 (Picandet, 2013) the maximum length of chopped straw can be accurately defined by 

the maximum diameter of the smallest enclosing circle or maximum Féret diameter, hence 

these measurements can also be used as the major axis for the area of the particle 

(Igathinathane, Melin, et al., 2009; Igathinathane et al., 2009; Igathinathane, Pordesimo, et 

al., 2009). 

 

 

 

 

 

 

 

 

 

Figure 2.4 – Measurable Physical Properties Using Image Analysis (Picandet, 2013) 

 

The width of chopped straw can, however, be an issue regarding Féret diameter as 

it is defined as the minimum distance between two parallel lines, in this case the lengths of 

the straw. During decortication small fibers can still be partially attached to the main straw 

body and result in a larger rectangle being needed to enclose the shape of the hurd 

resulting in a distortedly large diameter (Picandet, 2017). To ameliorate this issue 

geometric shapes are instead applied to the particles that are representative and these 

shapes are analysed for length and width etc (Igathinathane et al., 2008; Bitra et al., 2009). 

According to Picandet (2017) the centre of gravity of the fitted ellipse can be adjusted to 

correspond to a particular hemp shiv particle so its projected area is identical to said 

particle. Therefore, it is stated that the lengths and widths of the object under 



18 
 

consideration is in accordance with the large and small diameter of the adjusted fitted 

ellipse overlaying it. 

Picandet (2017) further hypothesises that the elongation of a shiv particle could be 

critically important because of its intrinsic effect on the orientation of the bio-aggregate in 

the cast concrete sample. Figure 2.5 compares the lengths and widths of 2600 analysed 

hemp shiv particles on a logarithmic scale and two main clusters are found; the hemp shiv 

cluster centred on a width of 2 mm and the dust or micro-fibre cloud clearly truncated by 

the threshold inputted during analysis. 

 

 

 

 

 

 

 

 

 

 

Figure 2.5 – Lengths and widths of 2600 hemp shiv particles (Picandet, 2017) 

 

Measuring the particle size distribution is important when studying vegetal 

concretes. This is because, as well as impacting the orientation of the shiv in the concrete 

sample, it has been demonstrated to directly impact other properties such as compressive 

strength and water absorption (Stevulova et al., 2012). Adding to the importance is that the 

thermal performances of hemp and rapeseed aggregates are known to be anisotropic 

(Manh, 2014). 

 

2.3.5. Distributions 

In order to visualise the results of these tests a distribution of the results has to be 

plotted. There are various differing methods to plotting these distributions but typically the 

most common are by number, by mass or by volume. The types of distribution are 

discussed in detail by Picandet (2017) and so will not be redone here. However, it was 

decided to use the mass fraction distribution to represent the particle size distribution 

results in this thesis; as recommended by Picandet (2017). 
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2.4. Bio-aggregate bulk density and porosity 

Bio-aggregates differ from ordinary aggregates in that they are highly deformable 

and are unable to provide a rigid skeleton for the concrete. This and other differing 

mechanical behaviours have a significant impact on the building processes utilised and this 

is most notable in the pre-casting process where the highest compaction can be achieved to 

optimise the material’s mechanical resistance (Nguyen et al., 2009, 2010; Nguyen, 2010) 

and later to have a significant impact on the cast concrete and its in-service behaviour 

(Tronet et al., 2014). 

The literature on the density and porosity of loose hemp shiv is fairly limited and is 

summarised in Table 2.2. Despite this, the density of vegetal concrete is one of its most 

important properties. This is because the density of the concrete largely governs many 

other of the material’s characteristics. As was reported by Elfordy (2008); thermal 

conductivity, water absorption, compressive strength and Young’s modulus are all affected 

by the concrete’s density. And because density and porosity are inter-linked (if the density 

is higher, the porosity will be lower), the density and porosity of the mixes being studied 

are of the utmost importance. 

The first study was conducted by Nguyen et al. (2009) who measured and 

compared the densities and porosities of two kinds of hemp shiv. The first hemp shiv was a 

pure hemp hurd (HH in the study) that consisted only of hemp chip stems obtained by 

grinding and had been completely decorticated. The partially unfibred hurd (FH in the 

study) was hurd that had only been partly decorticated and because of that still had 

elements of fibres in the sample. The effects of this can be seen in Table 2.2 and were to be 

expected. The addition of the fibres led to a lower bulk density and higher inter-granular 

porosity which makes sense as the fibres overall wood be lighter than the woody hurd and 

also tend to have a more irregular shape. This irregularity caused an increase in the inter-

granular pores, increasing the volume of the sample without adding too much weight thus 

reducing the bulk density. It should be noted that the evaluation of the bulk density in this 

study was conducted using the method proposed by Amziane et al. (2017). 
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Table 2.2 – Density and porosity values found in literature for various bio-aggregates 

 Density (kg/m³) Porosity, ϕ (%) 

 Bulk Apparent Total Intra-Granular Inter-Granular 

Pure Hemp Hurd 

(Nguyen et al., 2009) 

113 256.4 93 33 60 

Partial Unfibred Hurd 

(Nguyen et al., 2009) 

55 256.4 96 18 76.6 

Hemp Sample 1 

Hemp Sample 2 

Hemp Sample 3 

(Arnaud and Gourlay, 2012) 

112 

114 

119 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

Shiv A 

Shiv B 

Shiv C 

Shiv D 

Shiv E 

(Glé et al., 2012) 

- 

- 

- 

- 

- 

523 

460 

486 

605 

499 

- 

- 

- 

- 

- 

50.2 

65.9 

59.5 

46.9 

42.6 

- 

- 

- 

- 

- 

Hemp Hurd 

(Chabannes et al., 2014) 

103.5 - - 82.5 - 

Bagasse Fibres 

(Bilba and Arsene, 2008) 

1880 590 69 - - 

Rice Husk 

(Chabannes et al., 2014) 

Rice Husk 

(Serrano and Castro, 1985) 

103.2 

 

- 

- 

 

453 

- 

 

- 

34.3 

 

- 

- 

 

- 

- = Not Reported 

 

The apparent density of the material was investigated on a straight section of a 

stem, the height and area of which was determined by image analysis allowing the density 

of a specific section to be determined without taking the inter-granular pores into account. 

The value obtained in this study, however, appears to be very low and is considered to be 

underestimated (Cerezo, 2005; Ceyte, 2008) because of two reasons; the first being the 

stresses of confinement when the shiv is conditioned and confined in a sack and the second 

being due to the added stresses imposed on the material during the decortication process. 

Comparing Nguyen et al.’s results (2009) to the others in the literature, it can be 

seen that the bulk density is highly variable with a difference of around 13 % between the 

highest and lowest results. However, the issue with this highly compressible material is that 
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the inter-granular porosity can be easily changed affecting the bulk density results; hence 

the proposed protocol recommended by Amziane et al. (2017). Only the investigation 

conducted by Nguyen et al. (2009) reported the method used to find the bulk density of the 

hemp shiv so the cause of the variability can only be speculated. A combination of factors 

may have been the cause and amongst these would be the naturally varying density of the 

raw material from harvest to harvest as well as possibly different methods of investigation. 

The use of a standardised test may well reduce the variability in these results.  

Similarly, the examination of the literature regarding the apparent density of bio-

aggregates yields highly variable results. And again, differing methods could be one of a few 

different causes for this; in the Nguyen et al. (2009) investigation the apparent density is 

investigated on a straight, unprocessed area of stem whereas in the Glé et al. (2012) 

investigation the apparent density was calculated as a function of mass and frame volume 

obtained using air porosimetry. Despite the fact that the apparent density values in the 

Nguyen et al. (2009) investigation are an underestimation there is still no guarantee that 

the results would be similar had the methods used to determine them been the same. 

However, looking at the results from Glé et al. (2012) it can be said with confidence that the 

method is not the only cause of variation. The five samples were all obtained from different 

sources so other causes of variability clearly must include things like natural variation from 

harvest to harvest or effects of soil type, growing climate etc as well as human induced 

variation with things like process however these are not reported in the literature.  

 

2.5. Origin, extraction and hydration processes for the binders used 

Different binders have been studied regarding bio-concretes and due to economic 

and especially environmental factors being of the utmost importance with bio-aggregates, 

these binders mainly focus around natural limes and hydrated limes (Nguyen, 2010). 

However other efforts have been made to utilise pozzolanic binders as a potential for bio-

concrete (Nozahic, 2012; Stevulova et al., 2013; Manh, 2014). This part of the review will 

look at the binders used in this PhD. 

 

2.5.1. Vicat prompt natural cement (PNC) 

The prompt natural cement supplied by Vicat for this project is natural cement 

excavated from a naturally argillaceous limestone seam in Grenoble, France. The 

argillaceous nature of the limestone results in naturally high occurring amounts of 

pozzolans. The main application for Vicat PNC is currently in the restoration of lime 
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Natural Cement  
(Mertens et al., 2006) 

 

masonry. This is because many heritage buildings were built originally using lime mortars. 

Lime is also breathable, so this binder is useful in an application where a material with such 

a characteristic is needed. Finally, PNC is used as an alternative binder to ordinary Portland 

cement; often due to its increased sustainability.   

 

Chemical and mineralogical composition 

As can be seen in Figure 2.6 prompt natural cement has very similar composition to 

Portland clinker with around 20% aluminium oxide, 20-25% silicon dioxide and roughly 70-

80% calcium oxide (Sommain, 2008). It should also be noted that hydrated lime, another 

binder used in this study would appear much closer to the corner of the diagram with a 

higher level of calcium oxide and lower levels of aluminium oxide and silicon dioxide.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6 – Chemical compositions of commonly used binders (Mertens et al., 2006) 

 

Although similar in composition to Portland cement, prompt natural cement is 

considered much more environmentally friendly due to its firing temperature. It is fired to 

between 1000 °C and 1200 °C instead of up to 1450 °C which is the clinker zone for ordinary 

synthesised Portland cement (The Louis Vicat Technical Center, 2006). The other main 

difference between Portland cement and Vicat is the amount of alite (C3S) and belite (C2S). 

As can be seen in Table 2.3, Vicat contains much more belite and much less alite compared 

to Portland cement. 

 

CEM II 
Aluminate Cement 
Sulfo-Aluminate Cement 
Prompt Natural Cement 

Hydraulic Limes 

Portland Clinker 

Blast-Furnace Slag 



23 
 

Hydration process 

As is standard in cement chemistry, the constituent parts are abbreviated for 

simplicity and can be seen in Table 2.3. In the cement hydration and curing process it is the 

tricalcium silicate that is mainly responsible for the early strength of the concrete (up to 7 

days). Following that dicalcium silicate also contributes to the strength however this 

reaction is much slower therefore contributes mainly to the later age strength of the 

material. Using Table 2.3 it can be seen that ordinary Portland cement would be expected 

to gain its strength much quicker when compared to Vicat. Tricalcium aluminate and 

tetracalcium aluminoferrite also react but give differing characteristics. C A contributes 

slightly to the early age strength of a concrete but because the hydration of the compound 

is exothermic and is only stable if the C A reacts in a solution with gypsum. The exothermic 

nature of this reaction aids with the speed and kinetics of the C S reaction and thus 

indirectly contributes to the early age strength development of concretes. C AF also 

contributes slightly to strength but its primary role is to act as a flux during cements 

manufacture; it also gives the cement its grey colour.  

 

Table 2.3 – Chemical formula of major constituent parts of Vicat PNC and ordinary 

Portland cement (OPC)  

Compound Abbreviation Chemical Formula 

Vicat Composition  

(The Louis Vicat Technical 

Center, 2006) 

OPC Composition 

(Barron and 

Johnson, 2012) 

Tricalcium 

silicate 
C S Ca SiO  

5 – 15 % 50 – 70 % 

Dicalcium 

silicate 
C S Ca SiO  

40 – 60 % 15 – 30 % 

Tricalcium 

aluminate 
C A Ca Al O  

6 +/- 2 % 5 – 10 % 

Tetracalcium 

aluminoferrite 
C AF Ca Al Fe O  

9 +/- 2 % 5 – 15 % 

Gypsum - CaSO ∙ 2H O   

 

The hydration of cement is well understood and shall be briefly described here; the 

C S (alite) reacts with water to produce calcium silicate hydrate, lime and heat as per 

Equation 2.7 
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𝟐𝑪𝒂𝟑𝑺𝒊𝑶𝟓 + 𝟕𝑯𝟐𝑶 = 𝟑𝑪𝒂𝑶 ∙ 𝟐𝑺𝒊𝑶𝟐 ∙ 𝟒𝑯𝟐𝑶 + 𝟑𝑪𝒂(𝑶𝑯)𝟐 + 𝟏𝟕𝟑. 𝟔𝒌𝑱 

Equation 2.1 

 

𝐶 𝑆 (belite) also reacts with water but at a slower rate and also results in calcium 

silicate hydrates, lime and heat (but less of it), as per Equation 2.8. 

 

𝟐𝑪𝒂𝟐𝑺𝒊𝑶𝟒 + 𝟓𝑯𝟐𝑶 = 𝟑𝑪𝒂𝑶 ∙ 𝟐𝑺𝒊𝑶𝟐 ∙ 𝟒𝑯𝟐𝑶 + 𝑪𝒂(𝑶𝑯)𝟐 + 𝟓𝟖. 𝟔𝒌𝑱 

Equation 2.2 

 

Both Equations 2.7 and 2.8 show that calcium hydroxide is produced as a result of 

both reactions, and it is this product that has prompted the addition of pozzolans in 

concrete mixes to react with the lime produced. The production of calcium hydroxide is also 

what is needed for the carbonation for cement. Equations 2.9, 2.10 and 2.11 show the 

hydration reactions for C A and C AF respectively in their abbreviated form however as 

previously stated do not contribute specifically to strength so are not covered in detail. 

C AF has two hydration reactions as during hydration it reacts with both gypsum and 

ettringite. 

 

 

𝐶 𝐴 + 3𝐶𝑆𝐻 + 26𝐻 = 𝐶 𝐴𝑆 𝐻 + ℎ𝑒𝑎𝑡 

Equation 2.3 

 

𝐶 𝐴𝐹 + 3𝐶𝑆𝐻 + 3𝐻 = 𝐶 (𝐴, 𝐹)𝑆 𝐻 + (𝐴, 𝐹)𝐻 + 𝐶𝐻 

Equation 2.4 

 

𝐶 𝐴𝐹 + 𝐶 (𝐴, 𝐹)𝑆 𝐻 + 2𝐶𝐻 + 23𝐻 = 3𝐶 (𝐴, 𝐹)𝑆𝐻 + (𝐴, 𝐹)𝐻  

Equation 2.5 

 

2.5.2. Hydrated lime 

Hydrated lime has been used as a building material for thousands of years. The 

earliest surviving example of lime in construction has been dated to 8000 years BC in a floor 

in the famous archaeological site of Göbekli Tepe, Turkey (Scham, 2008) and was the 

principal binder for the major engineering and building works in the Roman Empire, indeed 

it was only the invention of cement that caused the reduction of the use of lime in the 

sector. 
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𝐶𝑎𝐶𝑂

𝐶𝑎𝑂𝐶𝑎(𝑂𝐻)

Extraction and manufacturing process 

The material is extracted on site and then crushed, washed and sieved in 

preparation for the kiln. It is then calcined and decarbonated in the kiln by heating to 900 

°C to convert the calcium carbonate taken from site into calcium oxide (quicklime) and 

carbon dioxide (Equation 2.12) as part of the carbonation cycle. 

 

𝐶𝑎𝐶𝑂 + ℎ𝑒𝑎𝑡 = 𝐶𝑎𝑂 + 𝐶𝑂  

Equation 2.6 

 

The quicklime is then slaked with water to turn it into calcium hydroxide and it is 

this calcium hydroxide that is used in the PhD. This forms the second part of the 

carbonation cycle which can be found in Figure 2.7. 

 

 

 

 

 

 

 

 

 

 

Figure 2.7 – The carbonation cycle 

 

The final stage to the carbonation cycle is over time calcium hydroxide will slowly 

absorb atmospheric carbon dioxide and convert back into calcium carbonate (limestone). 

With more heating the cycle could then start again. 

 

Environmental impact 

The environmental impact of both natural cement and hydrated lime is far lesser 

due to a number of factors; however, the main factor is the temperature at which the 

materials are heated to. Ordinary Portland cement is heated to around 1450 °C as 

previously mentioned in order to fuse the artificial mixture of limestone, shale, gypsum and 

possibly other additives whereas natural cements and hydrated lime are produced by 

+ heat releasing CO  

+ H O 

+ atmospheric CO  over 

a long period of time 
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taking limestone and decarbonating it at 900 °C, this is a significant reduction in required 

energy. 

 

2.5.3. Metakaolin 

The final component of the binders used in this PhD was a metakaolin. Metakaolin 

is a pozzolan and can be used for partial cement replacement in concrete mixes. 

 

2.5.3.1. Extraction and manufacturing process 

Metakaolin is manufactured product as opposed to a by-product but is still 

considered a more environmentally stable material than Portland cement. It is 

manufactured by heating kaolinite to between 600 and 850 °C although the optimal heating 

temperature still differs within the literature (Rashad, 2013). This process is called 

calcination and during heating the kaolinite (Al SiO (OH) ) loses its bound hydroxyl ions 

leaving behind the reactive alumina and silica elements (Equation 2.13). 

 

𝐴𝑙 𝑂 ∙ 2𝑆𝑖𝑂 ∙ 2𝐻 𝑂 → 𝐴𝑙 𝑂 ∙ 2𝑆𝑖𝑂 + 2𝐻 𝑂 

Equation 2.7 

 

2.5.3.2. Use of metakaolin as a cementitious material 

Metakaolin, when introduced to calcium hydroxide in an aqueous or semi-aqueous 

solution, reacts very easily to produce more hydrated calcium silicates (Equation 2.14) as 

well as various other compounds such as C AH , C AH , C AS H , C A ∙ CaCO ∙ 12H O 

and C ASH . 

 

𝐶𝑎(𝑂𝐻) + 𝑆𝑖𝑂 → 𝐶𝑎𝑂 ∙ 𝑆𝑖𝑂 ∙ 𝐻 𝑂 

Equation 2.8 

 

It is the calcium silica hydrates that contributes to strength so the use of pozzolanic 

material is beneficial in that it strengthens the concrete using a product of the hydration 

reaction. 

 

2.6. Setting, hardening and strength development of vegetal concretes  

The chemical interaction between bio-aggregates and cementitious binders has 

been highlighted in the literature and will be detailed here as it pertains to this PhD. The 
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problem of adhesion between a bio-aggregate and a mineral binder can take place at 

different times and can retard the setting and hardening of the mineral binders in the early 

age, modify the properties of the material in the hardened state and affect the durability of 

the material in the long term (Magniont and Escadeillas, 2017). Many of these studies are 

not specific to vegetal concretes but are still very relevant as they are predominantly 

conducted on wood-cement composites and natural-fibre-reinforced cement/concrete. 

A number of studies have noticed various disorders in the early hardening of 

mineral binders during the presence of lignocellulosic aggregates straight from mixing and 

these include the inhibition of hydration, reduction in the quality and quantity of hydrates 

as well as the retardation of setting (Young, 1972; Walker and Pavia, 2014). A 

comprehensive study conducted by Diquélou et al. (2015) which investigated the 

interaction between hemp or flax shives and Portland cement. Fourier-transform infrared 

spectroscopy (FTIR) was conducted by Diquélou et al. (2015) on samples after 3 days of 

hydration and a ring of non-hydrated cement was observed surrounding the hemp particle 

(Figure 2.8) 

 

 

.  

 

 

 

 

 

Figure 2.8 – Photograph taken after 3 days of hydration of cement paste with two kinds 

of plant aggregate inclusion: one particle of shiv (arrows 1 and 2 indicate sampling points 

for FT-IR analysis) (a); pellet made of shiv powder (b) (Diquélou et al., 2015) 

 

Several other studies have been conducted on the adverse effects of lignocellulosic 

materials on mineral binder setting and hardening including a study on hemp fibres (Sedan 

et al., 2008), arhar stalks (Aggarwal et al., 2008), coir particles (Brasileiro et al., 2013), sugar 

cane bagasse (Bilba et al., 2003), wheat straw (Soroushian et al., 2004) and wood particles 

(Jorge et al., 2004; Govin et al., 2006; Vaickelionis and Vaickelioniene, 2006; Na et al., 

2014). All of these studies concluded that the requisite plant material deleteriously affected 

the setting and early hardening of cement. Finally Boustingorry et al. (2005) also 

investigated the effect of wood particles on the hydration of hemihydrates (associated with 
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a plaster matrix) and reported that the forest pine and poplar extracts did indeed affect the 

hydration of the plaster. 

The mechanisms that lead to this inhibition, however, are currently not very well 

understood although several mechanisms have been hypothesised. In general the 

components of the mix that cause this setting and hardening retardation are of two types: 

water extractives and products of the alkaline attack generated by the cement or lime-

based matrix on the plant aggregates or fibres (Magniont and Escadeillas, 2017). The effects 

of these two components were separated by Diquélou et al. (2015) and Govin et al. (2005) 

and compared. Diquélou et al. compared the effect of washed hemp shiv and ordinary 

hemp shiv on the hydration of Portland cement CEM I 42.5 R and Govin et al. studied the 

hydration of Portland cement CEM I 52.5 R when mixed with leaching solutions of wood in 

water, lime and cement. Although both studies differed on the proportional impact 

between the two solutions, they both concluded that strong delaying effects were induced 

by both alkaline degradation and water extractives. 

Although extractives were highlighted by these studies the term is more of an 

umbrella as other studies have highlighted different families of organics that are potential 

retarding agents. Diquélou et al. (2015) went on to specifically investigate which organic 

families were causing this effect and is accompanied by other studies (Weatherwax and 

Tarkow, 1964; Miller and Moslemi, 1991; Yasuda et al., 2002; Jorge et al., 2004; Pehanich et 

al., 2004; Boustingorry et al., 2005; Vaickelionis and Vaickelioniene, 2006; Sedan et al., 

2008; Le Troëdec et al., 2011; Na et al., 2014; Peschard et al., 2004; Zsivanovits et al., 2004; 

Kavas et al., 2007) and the results are summarised below; 

 

 Polysaccharides e.g. xylan, starch, hemicellulose, arabinogalactan, pectin, sucrose 

 Terpenes, 

 Phenolic compounds e.g. tannins, 

 Organic acids e.g. acetic acid or fatty acid 

 Monosaccharides e.g.glactose, rhamnose, arabinose, xylose, mannose, glucose. 

 

However, these studies can be problematic when comparing them to one another. 

In some studies, a compound has a major inhibiting impact whereas in another the impact 

is negligible. Indeed, an investigation conducted by Khazma et al. (2008) demonstrated an 

improvement in mechanical properties and reduction in setting time by adding additional 

sucrose into the mix, entirely contradicting previous literature mentioned above. 



29 
 

This difficulty is highlighted in the Diquélou et al. (2015) study and it is explained 

how difficult the identification of water extractives actually is. The study highlights a 

fraction of the mass (around 15-30%) that remains unidentified and so could potentially 

have a major impact on the hardening and setting of cement. 

The other mechanism that has been identified is that of alkaline degradation which 

has the potential to induce a retarding effect by hydrolysing the sensitive hemicellulose and 

creating carboxylic acids; these acids then can strongly retard cement hydration (Govin et 

al., 2005). In addition to this there is contradictory literature regarding the degradation of 

lignin. Lignin was found to dissolve in an alkaline medium in hemp shiv (Diquélou et al., 

2015) but not in cellulosic fibres (Ardanuy et al., 2011). This is an important point that 

should be investigated further and established as Bilba et al. (2003) demonstrated the 

strong retarding effect lignin had on Portland cement. Finally Govin et al. (2005) showed 

that, although amorphous cellulose can be hydrolysed, ordinary cellulose is less impacted in 

an alkaline environment and has a low impact on cement hydration (Bilba et al., 2003). 

The literature on the mechanism of this alkaline degradation is quite broad and 

many mechanisms have been highlighted and are summarised below; 

 

 The formation of an adsorption layer on the cement grains. This layer is less 

permeable and thus slows down the migration of water to the anhydrous element 

of the grain, slowing hydration (Peschard et al., 2004; Vaickelionis and 

Vaickelioniene, 2006; Frybort et al., 2008; Na et al., 2014), 

 The trapping of calcium ions by organic material. This mechanism obviously reduces 

the concentration of Ca available for hydration thus delaying the conversion of 

calcium hydroxide in calcium silica hydrates. Studies specific to hemp have been 

conducted in this area (Sedan et al., 2007, 2008) and it has been concluded that 

pectin plays a specific role in hydration retardation which traps calcium ions and 

forms a very stable “egg box” structure, 

 As mentioned previously, Govin et al. (2006) observed early carbonation of cement 

in the presence of wood. This is not necessarily a negative due to the positives 

associated with carbonation regarding improving mechanical properties but is 

highlighted nevertheless. This effect was concluded to be due to the local release of 

carbon dioxide due to alkaline degradation of the wood, 

 Poisoning of the nucleation sites due to adsorption on the first calcium hydroxide in 

calcium silica hydrates. Initially the sugars would increase the rate at which 
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anhydrous cement would dissolve but then secondarily adsorb onto the surface of 

the first hydrates produced and inhibit their growth (Thomas and Birchall, 1983; 

Garci Juenger and Jennings, 2002). 

 

These mechanisms are of interest in this project as washing of the aggregate was 

used to good effect by Diquélou et al. (2015). Water sensitivity of vegetal concrete is a 

major aspect of this thesis, and so it will be interesting to see how the presence of the 

retarding organic compounds is affected throughout the water sensitivity testing. 

 

2.7. Mechanical properties of vegetal concretes 

Typically, the mechanical properties of vegetal concretes are low and this is chiefly 

due to the material’s high porosity and compressibility. As a result, there are several studies 

that have been conducted on hemp concrete formulation using different binders or 

aggregates, additives and pre-treatments as well as mix proportions.  

2.7.1. Compressive strength 

A standardised compressive testing method has not been developed thus making 

the comparison and analysis within the literature more complex. The studies are 

summarised in Table 2.4. 
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Table 2.4 – Mechanical test literature 

Reference 
Sample Size  

(mm) 

Time before 

Demoulding 

Storage 

Conditions 
Storage Time 

Test Speed 

(mm/min) 

(Cerezo, 2005) 160ᴓ x 320H 
Stored in 

moulds 
20 °C, 50% RH 

21 days to 48 

months 
0.25 - 5 

(Elfordy et al., 2008) 50 x 50 x 50 
Stored in 

moulds 
No info 1 month 5 

(De Bruijn et al., 2009) 
160ᴓ x 320H 

150 x 150 x 150 
48 hours 

20 °C 

50-95% RH 
18 weeks No info 

(Nguyen, 2010) 100ᴓ x 200H 48 hours 20 °C, 75% RH 
28 days and 

90 days 
6 

(Magniont, 2010) 40 x 40 x 160 48 hours 
20 °C, 95% RH 

or sealed 
28 days 0.05 kN/s 

(Nguyen et al., 2010) 110ᴓ x 220H 48 hours 20 °C, 75% RH 28 days 6 

(Arnaud and Gourlay, 

2012) 
160ᴓ x 320H 48 hours 

20 °C 

30-98 % RH 

21 days – 14 

months 
5 

(Nozahic, 2012) 
110ᴓ x 220H 

150 x 150 x 150 
24 hours 

20 °C 

35+/-5% RH 
60 days 

11 

7.5 

(Le et al., 2014) 150 x 150 x 150 No info 
20+/-2 °C, 

45-55% RH 
30 – 40 days 6 

(Chabannes et al., 2015) 110ᴓ x 220H No info 
20 °C and 50% 

RH, outdoors  

1, 2, 4 and 10 

months 
5 

(Page et al., 2015) 50 x 50 x 50 24 hours 20 °C, 60% RH 28 days 3 

(Lecompte et al., 2015) 100ᴓ x 200H 72 hours 
20+/-1 °C, 

70+/-5% RH 
28 days No info 

(Kashtanjeva et al., 2015) 
110ᴓ x 220H 

50 x 50 x 50 
No info 20 °C, 50% RH 28 days 3 

(Amziane et al., 2015) 150 x 150 x 150 24 hours 
20+/-2 °C, 

35-45% RH 
60 days No info 

(Sonebi et al., 2015) 
50 x 50 x 50 

100 x 100 x 100 
72 hours 

20+/-2 °C, 

55-65% RH 

7 days 

28 days 
0.4 

(Niyigena et al., 2016) 
110ᴓ x 220H 

160ᴓ x 320H 
72 hours 20 °C, 55% RH 90 days 3 

(Sentenac et al., 2017a, 

2017b) 
50 x 50 x 50 48 hours 

20+/-2 °C, 

55-65% RH 

7, 14 and 

28 days 
3 

(Mazhoud et al., 2017) 100ᴓ x 200H 5 days 23 °C, 50% RH 3 months 10 
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The compressive behaviour of hemp concrete can be described as non-fragile 

elastic-plastic (Amziane and Sonebi, 2016). The material has a high deformability; not 

cracking under compression and up to a certain point will remain elastic and will return 

some of its original shape when the loading is removed. However the material still has its 

plastic limit, even if it does have high capacity for plastic deformation (Benfratello et al., 

2013), beyond which the material fails and remains deformed as the material has absorbed 

too much strain for its considerable ductility. 

Figure 2.9 is taken from this study and illustrates the elastic-plastic behaviour of 

hemp concrete; although this is true for rapeseed concrete also. At low stresses the load 

can be slackened (in this case to 10N) and the strain also reduced – although it should be 

noted that the strain does not return to zero. Then at around 16% strain the failure load is 

reached, the plastic limit has also passed before the point which represented the end of the 

elastic behaviour. This curious behaviour is attributed to the compressibility of the shiv as 

well as the high porosity thus large amount of particle reorganisation within the concrete 

system during crushing (Benfratello et al., 2013). 

 

 

 

 

 

 

 

 

 

 

Figure 2.9 – Demonstration of compressive strength of hemp concrete 

 

This behaviour is elucidated further by Nguyen (2010), a study that designated 

zones to various aspects of the mechanical behaviour as it appears on a stress-strain graph 

(Figure 2.10). Zone I presents a linear elastic behaviour and zone II is more elasto-plastic. 

This zone is the beginning of the damage development in the binder as well as the 

beginning of the breakdown of the interfacial transition zone (ITZ) between the aggregate 

and the binder. Zone III shows a constant increase of stress with strain finally ending in the 

peak stress. This zone is highlighted as being the zone where the stress is being transferred 

into the hemp particles. 
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Figure 2.10 – Compressive stress vs deformation (Nguyen, 2010) 

 

Figure 2.11 shows literature results of compressive strength against dry density and 

here the correlation is much stronger (Manh, 2014). As will be shown in the following 

sections most of hemp concretes properties such as thermal performance are heavily linked 

to porosity and so density also. In the Nguyen (2010) study the concrete specimens were 

compacted using a controlled uniaxial compression device which is why the density of the 

samples and so the compressive strengths are noticeably higher. However even though the 

correlation of the compressive strength with density is much higher than that with age 

there is still a high amount of variability as the strength results range from 0.06 – 3.65 MPa 

with a dry density ranging from 250 – 810 kg/m³. This again can be attributed to many 

parameters such as formulation, curing time, curing temperature, specimen size and 

method of compaction. 

 

 

 

 

 

 

 

 

 

Figure 2.11 – Literature results of compressive strength against dry density (Manh, 2014) 

2.7.2. Influence of mixing and curing conditions on strength 
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As was reported by Nozahic (2012), pre-wetting the aggregate can have an effect 

on the compressive strength of vegetal concretes because of the beneficial effects to 

binder-aggregate adhesion that are caused. The study experimented with pre-wetting the 

aggregate with water for different lengths of time and then experimentally determining the 

maximum shear stress that the aggregate could endure when partially submerged in a 

pumice-hydrated lime binder. It was found that pre-wetting the aggregate for 5 minutes 

increased the maximum shear stress by 33 % compared to the control samples as a result of 

an improvement in the interfacial transition zone (ITZ). Thus, pre-wetting will be 

incorporated into the mixing process for this thesis. 

Several investigations have been conducted to study specifically the effect of curing 

conditions on the strength of concrete. One study by Magniont (2010) compared the effect 

of indoor controlled conditions at 95% relative humidity against outdoor natural conditions 

on the compressive strength development of hemp concretes. Another study conducted by 

Arnaud and Gourlay (2012) studied the development of compressive strength of samples 

cured in different controlled conditions using saturated saline solutions at controlled 

relative humidity: 30%, 50%, 75% and 98% relative humidity. Figures 2.12 and 2.13 show 

the results these 2 investigations.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.12 – The evolution of compressive strength of hemp concrete in outdoor  

and indoor controlled conditions (Magniont, 2010) 

 

Magniont’s (2010) results in Figure 2.12 show that controlled storage of hemp 

concrete samples in indoor conditions actually inhibits strength development as up to 9 

months the compressive strength is 1.3 – 1.7 times higher. Magniont and Magniont et al. 

(2010; 2012) highlighted the carbonation mechanism (Figure 2.7) as a possible cause for 
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this inhibition and also the migration of hydration products into the pores of shiv improving 

their rigidity and consequently the mechanical properties of the outdoor samples. Finally, 

the study also concluded the decrease in strength after 12 months to the experimental 

dispersion or the high-water content of the samples at the time of the test, or to the 

lixiviation phenomenon of the matrix due to long term durability concerns (Magniont, 

2010). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.13 – Effect of curing conditions on strength development of hemp concrete at 28 

days (Arnaud and Gourlay, 2012) 

 

Figure 2.13 illustrates the compressive strength and elastic modulus development 

of hemp concrete under different curing conditions. It can be clearly seen that the strength 

and stiffness of the concretes were much higher when the concrete was cured in lower 

relative humidity environments (30 and 50%). This study conducted the same experiment 

on four different mixture formulations and they all followed the same pattern, the 

optimum curing humidity being concluded to be 50% RH (Arnaud and Gourlay, 2012). As 

with the compressive strength development in indoor and outdoor conditions this was 

attributed to the influence of carbonation as only a moderate amount of water in the 

concrete pores is needed to allow the diffusion of carbon dioxide through them. However, 

if the saturation is too high then the carbon dioxide is blocked by the water and the 

movement is stopped. This trend was supported by (Pavía et al., 2015) in a study that cured 

hemp concrete mixes using two different binders (hydrated lime or natural hydraulic lime) 

in different conditions. The study cured two sets of mixes, one at 65 % RH and one at >95 % 
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RH. The results showed that for both mix types, curing the samples at a higher humidity 

resulted in a lower compressive strength. 

Other variables and their effects on compressive strength such as specimen 

geometry, length of retention in moulds during curing, curing at high relative humidity 

during curing and the effect of oven drying were not considered in this literature review 

because they were not studied during this PhD. However, these variables are covered in 

detail by Pavía et al. and Pavía (2015; 2017) 

 

2.8. Thermal conductivity of vegetal concretes 

Thermal conductivity is described as the ability of a material to conduct heat. It 

quantifies the quantity of heat transferred, under steady state, through a unit thickness in a 

direction normal to a surface of unit area, due to unit temperature gradient (Collet, 2017). 

The thermal performance of vegetal concretes are considered to be one of its strongest 

properties, as the material is a very good natural insulator. There are different methods 

available to measure thermal conductivity such as transient methods like the flash method, 

transient plane source or hot disk which also allow simultaneous measurement of 

conductivity, heat capacity and diffusivity. There are other transient methods such as the 

hot wire method or line source method. Or steady-state methods such as guarded hot 

plate, heat flow meter and guarded hot boxes. Small differences are noted between almost 

all of these methods and as yet not one of them has been decided as the standard for 

vegetal concretes; once again making the literature comparison more difficult. 

As with compressive strength, thermal conductivity of vegetal concretes is heavily 

linked to density. Figure 2.14 is taken from Collet (2017) and updated and shows results of 

thermal conductivity against density from across the literature (Elfordy et al., 2008; 

Nguyen, 2010; Magniont et al., 2012; De Bruijn and Johansson, 2013; Stevulova et al., 2013; 

Sassoni et al., 2014; Walker et al., 2014). Table 2.5 presents a list of the test methods and 

parameters found in the literature. 
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Table 2.5 – Testing parameters taken from the literature 

Reference Method Sample State Sample Size (cm) T (°C) ∆T (K) 

(Magniont et al., 2012) Hot Plate Dry 15 x 15 x variable-H 25 10 

(De Bruijn and Johansson, 2013) Hot Disk 30°C 15%RH 

20°C 65% RH 

5.5ᴓ x 5H * * 

(Cerezo, 2005) Hot box Dry * * * 

(Collet, 2004) Hot Plate Dry 10ᴓ x 5H 

10 x 10 x 5 

23 15 

(Elfordy et al., 2008) Hot Plate * * 25 10 

(Magniont, 2010) Hot Plate Dry, 65 and 95% RH 15 x 15 x variable-H 25 10 

(Nguyen, 2010) Hot Plate Dry 6 x 6 x 3 25 10 

(Nozahic, 2012) Hot Wire Dry 15 x 15 x 15 * * 

(Stevulova et al., 2013) * * * * * 

(Sassoni et al., 2014) Heat Flow Dry 50 x 50 x t * * 

(Walker and Pavía, 2014) Transmittance Dry * 27 11 

 = Not Reported 

 

As can be seen in Table 5, several different parameters have been used to measure 

thermal conductivity. The hot plate method works by sandwiching a heating plate (heated 

to temperature T) in between two halves of a sample, unheated plates are then placed on 

the bottom and the top of the sample with a temperature difference to the heated plate of 

∆T. Thermal equilibrium is then reached and the thermal conductivity of the sample is 

calculated based off the final temperature of the two unheated plates. From Table 2.5 it 

can be seen that the hot plate method is the most prominent, however takes a longer time 

than the hot wire method which only takes minutes to complete. The results of thermal 

conductivity plotted against sample dry density are plotted in Figure 2.14 below. 
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Figure 2.14 – Summary of the thermal conductivity results reported in the literature 

 

As can be seen the density of a given sample governs its ability as an insulator. As it 

can be observed in Figure 2.14, despite the variables in the testing method, apart from 

some results from Elfordy et al. (2008), there is a relatively strong correlation between 

density and thermal conductivity. That is to say that as the density increases, so does the 

thermal conductivity. This is true population wide when looking at the data, but is 

particularly true when looking at the investigations on an individual basis. 

 

2.9. Water absorption of bio-aggregates and vegetal concrete 

Due to the highly porous nature of bio-aggregates, a large amount of hydrophilia is 

associated with vegetal concretes. It was observed that over a period of 48 hours the 

aggregate can absorb 406% of its own weight in water (Nguyen et al., 2009) and 500% in 4 

days (Figure 2.15)(Sonebi et al., 2013). This water absorption has an effect on the binder 

setting as it leads to competition between the binder and the aggregate meaning 

insufficient water is available for binder hydration (Savastano Jr. and Agopyan, 1999). This 

appears to explain the binder crumbling effect noted by Cerezo (2005). 

 

 

 

 

 

 

 

 

Figure 2.15 – Hemp shiv absorption vs. time (Sonebi et al., 2013) 
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Pre-wetting techniques have been studied in the field of self-consolidating 

concretes that are applicable in this area to try to limit the competition for water between 

the bio-aggregate and the binder (Diederich et al., 2010; Kwasny et al., 2012). The thought 

being if the aggregates are already saturated before the binder is added, competition for 

water is significantly reduced. 

 

2.10. Additives 

As the literature has revealed, especially in sections 2.7, 2.8 and 2.9, water 

absorption and mechanical properties are vegetal concretes two main weaknesses. Mixture 

additives or admixtures were an area that was highlighted that could potentially abate 

these issues. Two additives that were available locally were identified, linseed oil and a 

viscosity modifying agent (VMA). 

 

Linseed Oil 

Linseed oil is formed by pressing the ripened seeds of flax. It is a drying oil, meaning 

it will solidly polymerize over time and it is currently used as a wood varnish or plastisizer in 

putty. 

Nozahic and Amziane (2012) used linseed oil as a form of pre-treatment for 

sunflower aggregate concrete and found that although it reduced the maximum shear 

stress of the concrete by 18.1% it did produce a hydrophobic coating on the surface of the 

aggregate, greatly reducing its water absorption. Its ability to confer hydrophobicity on 

vegetal aggregates is encouraging, and addresses the water absorption issues suffered by 

vegetal concretes. 

 

VMA 

Viscosity modifying agents (VMAs) are typically used in the construction industry in 

cement and concrete to reduce material segregation and bleeding (Leemann and 

Winnefeld, 2007) and increases the stability of wet mixes (Khayat and Guizani, 1997). VMAs 

also greatly increase the water retention capacity of concretes and so are commonly used 

in underwater concrete casting as well as curtain walls and deep foundations (Khayat, 

1998). They are long chain polymers and there are many different types including welan 

gum, acrylic emulsions, cellulose ethers, polysaccharides and acrylic acids. 

VMAs impact the mixes that they have been added to using three mechanisms. The 

long chains of the polymer adhere to the edges of water molecules (fixing the molecule and 
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so increasing its viscosity), the long chain polymers can also develop attractive forces by 

association with other long chain polymers thus blocking the movement of water and 

increasing its viscosity, and finally when used in high concentrations; the polymer chains 

can intertwine and entangle causing a further increase in the mixing water viscosity. 

However, under pressure the polymer chains have been observed to disentangle and move 

freely (shear thinning). 

This type of additive could be very useful in the field of vegetal concretes as one of 

its biggest weaknesses is it ability absorb large amounts of water. Introducing this additive 

into mixes could minimise this weakness; as well as increasing the material’s resistance to 

durability concerns (particularly wetting and drying). 

 

2.11. Wetting of vegetal concrete 

The surface of vegetal concretes is a highly porous and heterogeneous surface and 

so capillary action and the transfer or diffusion of water play an important role on things 

such as binder setting, strength development, thermal conductivity as well as long term 

durability. However locally to the interstices that induce capillary action water transfer or 

diffusion can only proceed when the plant surface has been wetted by the interstitial 

water. 

Wettability is a property that is predominantly governed by a material’s surface 

tension 𝛾  and is crucial when considering the adhesion of a liquid (with surface tension 𝛾 ) 

to that surface. An example of the practical application of this would be the setting of a 

binder with a bio-aggregate. This process can be analysed on two different scales: 

 

 The physical measurement (contact angle and surface tension). These 

properties physically describe the bonds within the media under 

examination or equilibrium between two media, or three media (expressed 

as the Young-Dupré law defining the contact angle). 

 The physical intermolecular bonds. Two types of bonds are created during 

the wetting of a material; hydrogen (OH) bonds and van der Waals bonds 

(electrostatic forces between two particles). 

 

Surface tension and interfacial tension 

A molecule of liquid situated within the boundaries of the overall liquid mass is 

subject to isotropic van der Waals-like forces of cohesion. However when the molecule of 
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liquid is situated at the boundary between the mass of water and air, a higher state of 

energy is established creating a stress of tension (Amziane et al., 2017) called the surface 

tension 𝛾 . Whereas 𝛾  is the surface tension between a liquid and a gas, the surface 

energy between a solid and a gas is known as 𝛾 . 

Finally, when a solid and a liquid are in contact with one another, where each of 

them has a surface energy with the surrounding gas a new equilibrium is reached which is 

the balance between 𝛾 , 𝛾  and the interfacial tension 𝛾 . An adhesion energy is then 

created termed the Dupré energy is then created with the unit N/m or J/m² (Equation 

2.15)(Nozahic and Amziane, 2012): 

 

𝐸 é = 𝛾 + 𝛾 − 𝛾  

  Equation 2.9 

Contact angle and wettability 

The surface energies described in section 2.10.2 have an effect when a drop of 

liquid is placed on a solid surface. The liquid spreads across the surface and can be defined 

by the spreading coefficient S (De Gennes et al., 2004)(Equation 2.16): 

 

𝑆 = 𝛾 − 𝛾 − 𝛾  

Equation 2.10 

 

When the value of S is greater than 0 total wetting can be observed however if the 

value of S is negative then only partial wetting occurs and a drop is formed on the surface. 

Generally, the lower the surface tension of the liquid the greater the spreading, and 

because the surface tension of water is high (72.7 x 10  N/m when at 20 °C), drops often 

form. 

 

Transfer of water through porous media via capillary action 

When liquid comes into contact with a hydrophilic porous surface such as vegetal 

concretes wetting will occur, whether this be between the binder and the aggregate in the 

mixing phase or groundwater or rain on the concrete surface when looking at in situ cases. 

This will create a capillary pressure 𝑃  (N/m²) on the water by the capillaries in question. 

This suction is defined by the Kelvin-Laplace law in Equation 2.17 and was first proposed by 

Thompson (1871) and later adapted to its current form by Helmholtz (1886), also called the 

Ostwald–Freundlich equation: 
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𝑃 =
−2𝛾 𝑐𝑜𝑠𝜃

𝑟
 

Equation 2.11 

𝛾  – Surface tension of the liquid in contact with the surrounding gas (N/m) 

𝜃 – Contact angle which the liquid forms on the porous surface (⁰) 

r – Radius of the capillary pore in question (m) 

 

Equation 2.17 is interesting because it gives a description of smaller pores giving 

stronger suction pressures. Jurin’s law can then be applied to calculate the height of the 

capillary rise ℎ  (Equation 2.18), and once again describes how a finer capillary network will 

result in a higher capillary force. At this moment there is no research directly in to vegetal 

concretes as to if this is the case. However, is a very interesting field and will be explored in 

this thesis as vegetal concretes are very porous materials, so one way to increase the 

mechanical properties of vegetal concretes is to reduce the porosity. However, according to 

the Kelvin-Laplace equation and Jurin’s law by doing this increased suction pressures may 

be induced in the concrete matrix as well as deeper ingress of liquids. The idea of capillary 

rise was proposed as early as the 15th century by Leonardo da Vinci however the equation 

itself was not proposed until 1718 by James Jurin (1718): 

 

ℎ =
−𝑃

𝜌 ∙ 𝑔
 

Equation 2.12 

g – Acceleration due to gravity (m/s²) 

𝜌  – Density of the liquid (kg/m³) 

 

The dynamics of the capillary rise can then be calculated using Washburn’s law 

(Washburn, 1921), which establishes a relationship between the square root of the elapsed 

time and the capillary rise calculated using Jurin’s law (Equation 2.19): 

 

ℎ ² =
𝑟 ∙ 𝛾 ∙ 𝑐𝑜𝑠𝜃

2𝜇
𝑡 

Equation 2.13 

𝜇 – Dynamic viscosity   

 

Capillary action is the fastest mechanism for the transport of water through a 

concrete matrix; however after the pore absorption step there is a much slower step 
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whereby water vapour diffuses through the plant cell walls of the aggregate (Collet and 

Pretot, 2014a). This diffusion of vapour also happens on a much smaller scale, as the water 

diffuses through pits of a diameter between 20 and 40 nm (Nozahic and Amziane, 2012). 

 

2.12. Durability of vegetal concretes 

2.12.1. Introduction 

The durability of bio-based materials is a critical area of study that needs to be 

undertaken in order to gain the trust of the construction industry and promote its use in 

the mainstream. A material’s durability is described as its ability to withstand potentially 

damaging effects and mechanisms over time caused by many different things ranging from 

common mechanisms such as weather systems and biological ageing to more severe and 

rarer things such as fire and flooding. This section focuses on the long-term performance of 

bio-based materials and their resistance to durability mechanisms over their service life.  

Durability is tightly linked to the long-term performance and service life of a 

material and the performance of a material associated with three key factors: the initial 

properties of the material in question, the conditions of its use and the environment in 

which it is used. The initial properties can develop naturally (i.e. strength development) but 

everything is closely related to the microstructure of the material; and so factors such as 

the introduction of water or absorption of atmospheric carbon dioxide or microbial growth 

in the organic aggregate alter the performance of the material as a whole over time 

because of its impact on the material’s microstructure. 

 

2.12.2. Accelerated durability tests 

These mechanisms are most commonly studied using accelerated aging tests and 

investigating the impact of these tests on material properties such as strength or thermal 

conductivity. All components of the bio-composite system need to be considered when 

investigating durability, including the binders, aggregates and any additives used in the 

experiment not only the bio-aggregate. In concurrence with this when considering this 

material in the long term another imperative concern becomes the use of the material and, 

similar to material property impact, the material’s environment. For vegetal concretes 

limited tests on durability are reported in the literature, however are summarised in Table 

2.6. 

As can be seen in Table 2.6 which is an updated version of the table which can be 

found in the RILEM TC-236 state of the art report (Marceau and Delannoy, 2017), most of 
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the investigations conducted centre around isolating an environmental parameter and 

changing it in order to study its effects both for the duration of the test and also sometimes 

cyclically. The environmental conditions studied include immersion and drying cycles 

(Hellebois et al., 2013; Sonebi et al., 2015; Sentenac et al., 2017a, 2017b; Tran et al., 2017; 

Yoann et al., 2017), freeze-thaw cycles and salt exposure (Walker et al., 2014), variations of 

humidity (Hellebois, 2013; Marceau et al., 2015; Delannoy et al., 2018), elevated carbon 

dioxide environments (Chabannes et al., 2015) and fire testing (Grelat, 2004; Intertek 

Testing Services NA, 2007; CSTB, 2009; Fabre and Morgan, 2012). Occasionally multiple 

parameters will be varied at the same time, although this is rare (Arizzi et al., 2015, 2016). 

Additionally, other studies are also conducted leaving samples to age naturally in both 

static indoor laboratory conditions (Bessette, Trémerie, et al., 2015) or static indoor 

extreme conditions (Magniont et al., 2012) as well as outside in natural variable conditions 

(Bessette, Trémerie, et al., 2015). 

It was reported by Marceau & Delannoy (2017) that the results of these studies 

were variable partly due to there being no established protocol making inter-study 

comparison difficult and were also limited in their length, however longer studies have 

since been published and will be reported in the following sections.  
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Table 2.6 – Durability studies from the literature 

Reference Material Description Duration 

Hellebois 2013 

Hellebois et al. 2013 

Hemp Concrete Wetting and Drying Cycles 

Immersion and Drying Cycles 

Biological Aging 

30 °C, 40 and 90% RH 

2 cycles, 41 days, drying at 40 °C 

3 months at 98% RH and 30 °C 

Marceau et al. 2015 Hemp Concrete Wetting and Drying Cycles 

Biological Aging 

30 °C, 40 and 98% RH 

3 months at 98% RH and 30 °C 

Sonebi et al. 2015 Hemp Concrete Weathering – Full Immersion 20 °C Wetting, 40 °C Drying – 40d 

Yoann et al. 2017 Hemp Concrete Weathering – Full Immersion 20 °C Wetting, 50 °C Drying – 52d 

Arizzi et al. 2016 Hemp Concrete Dynamic Climatic Simulations: 

variation of temperature, 

humidity, rainfall and influence 

of salts 

12 days 

Magniont et al. 2012 Hemp Concrete Storage at 25 °C, >95% RH 2.5 years 

Walker et al. 2014 Hemp Concrete Freeze-thaw Cycles 

Biological Aging 

Salt Exposure 

10 cycles between -15 and 20 °C 

30 °C and 80% RH for 7 months 

12 hrs NaCl exposure and 12 hrs drying 

for 2 weeks 

Le Bayon et al. 2015 Loose Cellulose Development of a mould test 

protocol 

 

Bessette et al. 2015 Precast Hemp 

Concrete 

Storage in Inside Climate 

Storage in External Climate 

90 days 

1 Year 

Chabannes et al. 2015 Hemp Concrete 

and Rice Husk 

Concrete 

Accelerated Carbonation with 

varying CO₂ levels from 0-50% 

by volume 

40d 20 °C and 50% RH then 1 month 

accelerated carbonation at 60 +/- 5% 

RH 

Tran et al. 2017 Raw Bamboo Biological Aging 

Water Immersion, long term 

Immersion, short term 

7d 57% RH then <3d 100% RH 30 °C 

7d 57% RH then 10 wk immersion 

Immersion for 9hr in 70 °C water 

Sentenac et al. 2017 

Sentenac et al. 2017a 

Hemp Concrete Full Immersion Test 

 

Accelerated Carbonation 

Full Immersion 48 hrs then 40 °C Oven 

drying for 48 hrs, 15 cycles 

CO₂ level of 5%, 65% RH and 20 °C 

Delannoy et al. 2018 Hemp Concrete Accelerated Ageing 30 °C cycles of RH 40–98% for 2 yrs 

Lamoulie et al. 2015 Hemp Concrete Biological Aging Wood Fibre Inoculation and kept in 6 

different environments. 

Abdellaoui, 2014 Hemp Concrete Wetting and Drying Cycles 30 °C, 40 and 98% RH cycles 
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2.12.3. Bio-deterioration 

An immediate concern when considering bio-based materials is the impact, if any, 

of microbial growth and bio-deterioration. Bio-deterioration covers numerous organism 

classifications which include; marine borers (e.g. gribble and shipworm), insects (e.g. 

termites and wood-boring beetles), fungi and microorganisms. A primary concern with bio-

aggregates is that they are made of organic material and so naturally contain 

microorganisms. In a building envelope this can be dangerous to inhabitants taking the 

form of mycosis as a result of mycotoxins (Haleem Khan and Mohan Karuppayil, 2012; 

Devien et al., 2018) as well as impacting the material itself and inhibiting or damaging its 

properties. 

Microbial attack of construction materials occurs on materials that are in an 

environment conducive to microbial proliferation. Such environments have favourable 

conditions such as available water, low pH, high relative humidity, long cycles of 

humidification and drying, freezing and defrosting, high carbon dioxide concentrations 

(such as certain urban environments), high concentrations of chloride ions or other salts 

(marine environments) or high concentrations of sulphates and small amounts of acids 

(sewer pipes or residual water treatment plants) (Wei et al., 2013). If the conditions are 

favourable, microscopic seeds called spores may germinate leading to fungal 

contamination. 

Bio-deterioration occurs at the boundary between engineering and biology (usually 

microbiology) and so it is necessary to consider both the physical and chemical mechanisms 

by which microorganisms attack the material (Sanchez-Silva and Rosowsky, 2008). Typically, 

in wood construction the properties of the timber are modified due to the mycelial network 

(the vegetative system consisting of filaments or hyphae) of a living organism using it as a 

food source whereas in mineral building materials such as concrete it is the matrix of the 

binder that is affected increasing its porosity and promoting cracking. Vegetal concretes are 

unique in that they could theoretically be susceptible to both of these mechanisms 

because, as discussed, they are typically made up of an organic aggregate and a mineral 

binder. 

The high alkalinity of ordinary concrete, and bio-concretes with a lime-based 

binder, are ordinarily relatively safe from bio-deterioration in the early age due to the high 

pH of the system (Sand, 1987). However, over time and with the availability of moisture 

and nutrients bio-deterioration can become a problem. Different fungi will proliferate in 

environments with different relative humidity. For example, Penicillium and Aspergillus will 

colonize the substrates of building material in environments with less than 80% relative 
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humidity. Between 80% and 90% Clostrium will germinate and in wet environments (over 

90%) the relatively dangerous Strachybotrys Chartarum will proliferate (Marceau and 

Delannoy, 2017).  

 

Bio-degradation mechanism 

The main concern with bio-deterioration in bio-concretes are the actions of 

bacteria and microscopic fungi. These organisms use elements of the concrete subject 

metabolically during the assimilation process and as a result produce biogenic organic acids 

such as acetic, lactic, or in anaerobic environments, sulfuric. Very limited research has been 

conducted into these mechanisms in bio-concretes, however the studies conducted on 

ordinary concrete still gave an indication and a basis with which to formulate the relevant 

tests on bio-concretes. This is because these metabolically produced biogenic acids attack 

the calcium hydroxide, calcium oxide and calcium carbonate phases in ordinary concrete 

(Bertron et al., 2004; Cwalina, 2008) and these are also present in bio-concretes utilising a 

lime-based binder. Thus, lixiviation occurs as the alkaline constituents are dissolved, further 

lowering the pH of the system. The production of these organic acids then led to the 

germination of acidophilic fungi, of which there are many (Gross and Robbins, 2000). 

Microorganisms can also penetrate through the substrate of a material through 

anything down to the micro-crack level (Sanchez-Silva and Rosowsky, 2008). In the case of 

bio-concretes, microbial ingress is easily achieved due to the porosity of the material. Then 

as the microorganism multiplies and metabolises the capillary or pore that it is agglutinated 

inside is dissolved away, increasing the porosity and reducing density. 

 

Existing studies found in the literature 

Investigations conducted to this point have in most cases been relatively short term 

and involve either storing samples in set environmental conditions and looking for mould 

development over time or sample inoculation and observing subsequent proliferation.  

An initial study conducted by Walker et al. (2014) involved repeated heavy 

inoculation of hemp concrete samples with microorganisms however the study found that 

after less than 2 months the microorganisms had dried out and died. The study concluded 

that this was due to insufficient nutrients or an unsuitable environment; the samples were 

kept for a total of 7 months in a humidity chamber set to 80% humidity and a constant 30 

°C and were intermittently dried out throughout the test. It was concluded that, for these 

conditions at least, hemp concrete is resistant to biological attack 
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Another study conducted by Marceau et al. (2015) involved both natural aging and 

artificial inoculation. One part of the investigation looked at the fungal development on raw 

hemp shiv over 75 days of wetting and drying of the samples between 40% and 98% 

humidity at 30 °C which was influenced by the study conducted by Hellebois et al. (2013) 

that concluded high levels of relative humidity were needed to encourage mould growth. 

During the investigation mould development was observed and it was suggested that it was 

again the relative humidity levels that lead to fungal development in this study and not in 

the one conducted by Walker et al. (2014).  

The second part of this investigation pertaining to bio-deterioration was the 

inoculation of hemp concrete samples and the investigation of the role of the binder in 

mould proliferation as it relates to the surface pH of the sample. Two aggregate types were 

also studied, a mechanically defibrillated shiv without dust and a fibred shiv. Both lots of 

concrete samples were inoculated at 14 and 120 days with a mineral suspension containing 

three bacterial strains. It was shown that the later-age samples had a lower surface pH, 

likely due to carbonation, with the surface pH of the 14-day samples having an average of 

10.45 and the 120-day samples having an average of 8.95. The older samples also 

developed mould and so a link was made between the lowering of the sample pH and the 

production of a more microbial-friendly environment. This is cause for some concern with 

this material as carbonation is certain to happen in portlandite-rich binders consequently 

leading to the reduction of the pH of the system and apparent microbial proliferation 

promotion. 

Finally, two further sister-studies were conducted to develop a laboratory test 

method for evaluating the resistance of bio-insulation materials to bio-deterioration and 

simulate the effect of differing climactic conditions on fungal growth upon these materials. 

Lamoulie et al. (2015) inoculated wood fibre insulation board specimens with a solution of 

Aspergillus niger, Chaetomium globosum and Penicillium funiculosum and incubated them 

in 6 different climate rooms with varying environments; 20°C +/- 2 °C and 95 % +/- 5 % 

relative humidity, 28 °C +/- 2 °C and 95 % +/- 5 % relative humidity, 20°C +/- 2 °C and 70 % 

+/- 5 % relative humidity, 28 °C +/- 2 °C and 70 % +/- 5 % relative humidity, 24°C +/- 2 °C 

and 85 % +/- 5 % relative humidity, 12°C +/- 2 °C and 95 % +/- 5 % relative humidity. The 

samples were incubated in petri dishes for four weeks after which the petri dishes were 

analysed for the number of cultivable fungal units (CFU/petri dish). The results per dish 

were then turned into CFU per specimen and so then CFU/cm² of insulation material. Thus, 

the effect of temperature and relative humidity could be accurately plotted and can be 

seen in Figure 2.16. 
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Figure 2.16 – Effect of the main factors on the mould growth in a wood fibre material  

(mean values in 𝐥𝐨𝐠 𝟏𝟎 CFU/cm²) (Lamoulie et al., 2015) 

 

As the graph shows the temperature line is almost horizontal, indicating that 

temperature (at least in the tested range) had very little effect on the amount of cultivated 

fungal units analysed, whereas the relative humidity line clearly has an important effect on 

mould growth. 

 

2.12.4. Humidity Cycles 

Another major durability mechanism that has been studied is the weathering of 

vegetal concretes due to wetting and drying. This is either with immersion and drying cycles 

or with humidity cycles. Several studies (Hellebois et al., 2013; Abdellaoui, 2014; Marceau 

et al., 2015) have used simulated humidity cycles in the laboratory and for all studies the 

humidity cycle conditions were close to being the same. For all the studies the temperature 

was fixed at 30 °C and the humidity cycled between 40 and 98% RH for 2 of the studies 

(Abdellaoui, 2014; Marceau et al., 2015) and 90% for the other (Hellebois et al., 2013). For 

the Abdellaoui (2014) and the Marceau et al. (2015) the cycles differed from one to two 

weeks and the Hellebois et al. (2013) investigation had a duration of 45 days. Hellebois et 

al. (2013) also studied the effects of three different binders and two types of hemp shiv and 

their reaction to wetting and drying cycles. 

Hellebois et al. (2013) concluded that the variation of the compressive strength as 

well as density was small after the cycles and that these variations occurred at different 

rates depending on the binder and shiv used (Figure 2.17). 
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Figure 2.17 – Variation in density and compressive strength of hemp concretes  

(Hellebois et al., 2013) 

 

The relationship was again made between density and compressive strength and it 

was hypothesised that the variation in compressive strength was due to the changes in 

density, although no further experiments were conducted so the hypothesis was never 

proven. 

Both the Abdellaoui (2014) and the Marceau et al. (2015) studies noticed a slight 

increase in density of the materials after 75 days of cycling and so a slight reduction in the 

material porosity. However this did not have a significant influence on the thermal 

conductivity of the materials (Table 2.7) as well as the acoustic properties. 

 

Table 2.7 – Variation of the thermal conductivity of hemp concretes before and after 

wetting and drying cycles (Abdellaoui, 2014; Marceau et al., 2015) 

 

 

 

 

2.12.5. Full immersion 

The other wetting and drying durability  mechanism that has been studied in the 

literature is sample immersion and drying (Hellebois et al., 2013; Sonebi et al., 2015; 

Sentenac et al., 2017a, 2017b; Yoann et al., 2017). The main variables between these 

studies were the cycle lengths and drying temperature as shown in Table 2.8. 
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Table 2.8 – Immersion and drying tests from the literature 

Reference Cycle Details Duration 

(Hellebois, 2013) 20 °C Wetting, 40 °C Drying 41 days 

(Sonebi et al., 2015) 20 °C Wetting, 40 °C Drying 40 days 

(Yoann et al., 2017) 20 °C Wetting, 50 °C Drying 52 days 

(Sentenac et al., 2017a, 2017b) 20 °C Wetting, 40 °C Drying 48 – 60 days 

 

Hellebois (2013) used longer cycles with less frequency (2 cycles of 22 days each) to 

study the effects of wetting and drying to full saturation and desaturation levels and found 

again that hemp is highly hydrophilic. Hellebois (2013) observed that over a period of 100 

hours, the hemp concretes absorbed 80% of their weight in water. As with the humidity 

cycles, it was noticed that the variation in density and compressive strength was different 

with different binder and aggregate types and the two were related with the density 

representing the independent variable. Leaching was also observed in this test as the pH of 

the immersion water was found to rise to 12 after a few hours; the assumption being that 

alkaline OH- ions from the CaCO  had leached into the water, causing an increase in pH. 

Sonebi et al. (2015) took a different approach and, using the same experiment 

duration, used 10 cycles of 4 days each (48 hours wetting and 48 hours drying). Figure 2.24 

illustrates the variation of mass by percentage as the test proceeded and also the reduction 

in compressive strength at the end of the experiment. 

 

 

 

 

 

 

 

 

Figure 2.18 – Variation of mass and compressive strength after 10 cycles of full immersion 

(Sonebi et al., 2015) 

 

As can be seen in Figure 2.18, the mix composition had an important impact on the 

reduction in mass variation and compressive strength, and the compressive strength 

reduced by between 53 and 81 % after 10 cycles. This can be attributed to the softening of 

the concrete and weakening of the ITZ (although this is just a hypothesis at this point). The 
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mass (and density) also reduced; and can be hypothesised to be due to leaching and 

widening of the pores, reducing mass. 

Another study carried out by Yoann et al. (2017) used 13 short cycles. In this study 

the mass as well as the sample length was measured after each absorption and desorption. 

The change was affected by the mix type and formulation which can be seen in figure 2.19. 

 

 

 

 

 

 

 

Figure 2.19 – Length variation of samples after each absorption and desorption Cycle  

(Yoann et al., 2017) 

 

Mixes A and A’ were both render formulations and mix C was a floor formulation. 

According to the professional rules published by SEBTP (2012), that is to say that regarding 

the mixture formulation, mix C (floor) had more binder and less water. This would have 

made Mix C more viscous than mixes A and A’, and it can be seen that the floor formulation 

led to no overall lengthening of the sample when considering the first and the last cycle; 

whereas the render formulations did lengthen overall as the test progressed, but at 

different rates. In summary, mix C (which had more binder and less water) did not lengthen 

throughout the duration of the experiment at all. Whereas mix A and A’ which had less 

binder and more water continued to lengthen. It was also noted that after this test 

concluded the compressive strengths were tested for each formulation and the strength 

decreased after immersion for all of them. 

 

 

 

 

 

 

 

Figure 2.20 – Compressive strength reduction before and after 15 cycles of full immersion 

(Sentenac et al., 2017a) 
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Finally Sentenac et al. (2017a, 2017b) conducted another full immersion test again 

using short cycles of 48 hours wetting and 48 hours drying but this time up to 15 cycles. 

Both of these studies observed a significant reduction in compressive strength with 

variation based on additives and mix formulation (Figure 2.20). 

 

2.12.6. Carbonation 

As described in section 2.5.2.1 the carbonation reaction is a natural reaction that 

occurs over time and is a cycle that can be continually followed through with the right 

conditions. As it pertains to vegetal concretes the reaction of interest is that of calcium 

hydroxide with atmospheric carbon dioxide to produce calcium carbonate as per equation 

2.20. Hydrated lime is obviously made up of calcium hydroxide, meaning an abundance of it 

is available for carbonation. And in the Vicat natural cement, calcium hydroxide can be 

found as a product of the belite hydration process. Carbonation can be viewed as a positive 

reaction in vegetal concretes. This is because the carbonation of calcium hydroxide results 

in increased strength, and there are no reinforcement bars in these mixes which are at risk 

of corrosion if they are present in carbonated ordinary concrete mixes. 

 

𝐶𝑎(𝑂𝐻) + 𝐶𝑂 → 𝐶𝑎𝐶𝑂 + 𝐻 𝑂 + 74 𝑘𝐽/𝑚𝑜𝑙 

Equation 2.14 

 

The reaction is very slow due to the low concentration of carbon dioxide in the 

atmosphere, the nature of the binder (the size and connectivity of the pores) and the 

relative humidity in said pores. The formation of the calcium carbonate increases the 

density of the sample due to its comparative size with calcium hydroxide which also leads 

to a reduction in the porosity as well as a reduction in the pH of the system. These 

microstructural changes can then have an impact on all properties of vegetal concretes. In 

ordinary reinforced concrete, the carbonation mechanism is a durability concern because it 

can enable corrosion of the reinforcement bars. In a highly alkaline environment, such as a 

concrete matrix, a protective, passive, oxide layer is created around the reinforcement 

bars. With the ingress of CO2, carbon dioxide reacts with calcium hydroxide (a hydration 

product of cement) and produces calcium carbonate; which adds strength to the concrete 

matrix. However, the production of calcium carbonate reduces the pH of the cement matrix 

and causes the alkaline oxide layer to break down, exposing the reinforcement bars and 

reducing the chloride content threshold to start active corrosion. In regards to vegetal 

concrete, no reinforcement bars are used so carbonation could be a positive in the field due 
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to its propensity to increase the strength of limes by turning lime into calcium carbonate. 

This will also have effects on the microstructure of the vegetal concretes; and should 

theoretically make the concrete’s microstructure more closed (reducing the porosity) as 

calcium carbonate crystals are larger compared to hydrated lime plates or hydration phases 

in hydraulic limes such as ettringite and straetlingite.  

Limited studies have been conducted into this mechanism but the ones that have 

been completed show a positive effect on the compressive strength of the material. 

Chabannes et al. (2015) demonstrated that outdoor curing of vegetal concretes induced 

atmospheric carbonation and so an increase in the material’s compressive strength (Figure 

2.21 (a)). Figure 2.21 (b) uses the phenolphthalein test to show carbonation ingress into the 

samples and works on the principle that carbonation reduces the pH of the concrete system 

allowing phenolphthalein to be used as an indicator which changes from pink to clear when 

the pH crosses down below 9 (ISC = indoor standard conditions and OC = outdoor 

conditions). 

 

 

 

 

 

 

 

 

 

Figure 2.21 – (a) Compressive strength results from various curing scenarios aimed at 

inducing carbonation and (b) cross-sectional comparison of carbonation ingress 

(Chabannes et al., 2015) 

 

Figure 2.21 (a) also shows the carbonation ingress results and the compressive 

strength results which were higher than indoor standard curing for the same length for 

both hemp concrete and rice husk concrete (Chabannes et al., 2015). 

The same study also introduced accelerated carbonation curing (ACC) using a 

carbonation chamber and studied the effects of 1 month of this treatment. After 40 days of 

drying naturally at 20 °C the samples were placed in a carbonation chamber fixed at 20 °C 

and 65% RH and a starting carbon dioxide level of 50% v/v. Once the carbon dioxide had 

been entirely consumed by the concrete samples the chamber was then injected again to 
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50% v/v and this protocol was used to maintain the carbon dioxide levels through the 

month. From Figure 2.21, it can be seen that a much greater amount of carbon dioxide 

ingress occurred with the CO₂ exposure as well as improved compressive strength. It should 

be noted that although the ACC result for hemp concrete was lower than the result for the 

10-month outdoor curing sample the total curing time was far less; 10 months for the 

outdoor samples and 70 days for the ACC samples. Additionally, it was reported that the 

slower C₂S hydration reaction was related to the carbonation and indeed the release of 

water by the carbonation reaction aided the hydration of C₂S (Chabannes et al., 2015). 

Two other investigations have been conducted into the carbonation of vegetal 

concretes and these were both completed by Sentenac et al. (2017a, 2017b). The setup for 

both of the papers was the same and both sets of samples were left to age in a carbonation 

chamber with an atmospheric carbon dioxide concentration of 5% and a relative humidity 

of 55%. 

Sentenac, Sonebi and Amziane (2017a) compared the effects of carbonation on the 

compressive strength of untreated hemp mixes and hemp mixes that had been pretreated 

with linseed oil. The investigation also used 2 different binders; Vicat PNC and hydrated 

lime. The strength results are presented in Figure 2.22. 

 

 

 

 

 

 

 

 

 

 

Figure 2.22 – Compressive strength comparison between samples stored in the air and in 

the carbonation chamber, NHC = hemp hydrated lime, NHV = hemp Vicat, LOC = linseed 

oil hydrated lime, LOV = linseed oil Vicat (Sentenac et al., 2017a) 

 

Figure 2.22 illustrates that in all cases the carbonation of the samples led to an 

increase in compressive strength apart from the hemp hydrated lime mix. Interestingly, the 

pre-treatment of the aggregate with linseed oil seemed to increase the effect of 

carbonation on the mix in both cases. This effect was not confirmed by another study 
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conducted by Sentenac et al. (2017b). Which was an investigation into the effect of a 

silane/siloxane water repellant treatment as can be seen in Figure 2.23.  

 

 

 

 

 

 

 

 

 

Figure 2.23 – Compressive strength comparison between samples stored in the air and in 

the carbonation chamber, NHC = hemp hydrated lime, NHV = hemp Vicat,  WRC = hemp 

hydrated lime treated with water repellent and WRV = hemp Vicat treated with water 

repellent (Sentenac et al., 2017b) 

 

Interestingly the effect of the carbonation chamber was highly variable in the 

Sentenac et al., (2017b) investigation. Only the compressive strength of the untreated 

hemp Vicat mix was significantly improved.  Whereas the compressive strengths of the 

other mixes were either negatively affected in comparison to their control or were 

minimally affected. 

Carbonation is also relevant to specifically the binder itself. As was reported by 

Özlem et al. (2010), the carbonation mechanism can actually inhibit the strength 

development of hydraulic limes (such as Vicat PNC) because a significant amount of the 

strength gained in this binder is due to the hydration of the binder’s natural pozzolans. 

Özlem et al.(2010) reported that early carbonation of the hydraulic lime mortar caused 

competition between itself and the hydration reaction. Because a portion of the available 

lime was being carbonated without ever hydrating a reduction in strength was observed. It 

was concluded that the order between the hydration and carbonation reaction was critical 

for the strength development of the mortar; and it was reported that delaying the 

carbonation reaction by curing the mortars in moist conditions resulted in a significant 

increase in the mortar’s flexural strength. This would be an optimal solution for vegetal 

concretes, however was not considered in this investigation due to the inherent 

complications of curing such a hydrophilic material such as hemp or rapeseed in moist 

conditions. This phenomenon also is not a concern for the hydrated lime binder as it does 
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not hydrate, and so was another reason for not considering moist curing. However is very 

much something that should be considered for future work in this area. 

 

2.12.7. Other durability mechanisms 

Other durability mechanisms have been studied with regards to vegetal concretes 

such as freeze-thaw cycles as well as salt exposure (Walker et al., 2014) but the high 

porosity of vegetal concretes as well as its ductility meant that no visible cracks were 

creating from the freeze-thaw cycles as well as the salt exposure. The porosity of the 

material simply allows the salt crystallization and freezing and thawing to happen without 

any disturbance to the matrix and the ductility also meant that if the salt crystallisation did 

come into contact with the matrix instead of a build-up of internal pressure occurring the 

material would just absorb the intrusion. 

 

2.13. Conclusions 

Previous studies clearly indicate the potential of this material and so it is extremely 

worthwhile building knowledge to try and push it into the mainstream of the construction 

industry. Thermal performance is the most important property of vegetal concretes 

however there are still numerous developments that need to occur, especially around 

mechanical properties as well as a better understanding of the long-term durability of the 

material. 

Water absorption seems to be the weakest property of vegetal concretes, in both 

the short term and long term. Therefore, several additives as well as different binders were 

experimented with in this PhD to try and minimise this problem. These additives and 

binders were also tested to try and improve the interfacial transition zone (ITZ), this zone is 

known to be problematic in vegetal concretes and is the zone where the bio-aggregate 

comes into contact with the binder. This formed the initial characterisation part of the 

project to elucidate if these additives and binders are worth proceeding with to the 

durability part of the project 

It is also clear that important questions still remain regarding the long-term 

durability of vegetal concretes. Several studies have been conducted but longer and more 

detailed studies are needed to fully understand the effect of the mechanisms on this bio-

composite. And vegetal concretes will never be willingly adopted by such a conservative 

industry without these questions being answered. So, relating to the water absorption 

problem long term wetting and drying tests were conducted with different methods to 
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investigate the degradation of the materials and if these can be mitigated or at least 

limited, as well as other mechanisms related to this such as leaching and bio-leaching. 

Additives and alternative binders were tested with regards to durability, as well as a 

novel and locally sourced UK aggregate, in the hope that more evidence for the adoption of 

this material in the construction industry as a sustainable and effective alternative to 

commonly used building materials is warranted.  
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Chapter 3: Materials, test methods and 

experimental program 
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3. Materials, test methods and experimental programme 

3.1. Introduction 

This chapter presents the materials and experimental methods that were used in 

this thesis. The methods that were utilised for the characterisation of the rapeseed and 

hemp aggregates are detailed first, followed by the binder characterisation methods and 

finally the vegetal concrete experiments carried out. A flow chart of the experiments 

conducted in this experiment is included at the end of this chapter (Section 3.14) as well as 

a table containing all of the experiments and how many of each mixes were used (Table 

3.5).   

 

3.2. Materials 

The two aggregates that were used in this investigation were hemp shiv grown and 

packed in Driffield, East Yorkshire in the UK, and chopped rapeseed straw that was chopped 

and packed in County Kildare in Ireland. The binders that were used were Vicat (PNC) and 

hydrated lime. The PNC is mined from a seam of argillaceous limestone in Grenobles France 

(composition can be found in Table 2.3, pg 23) and the hydrated lime is manufactured by 

Clogrennane Lime Ltd. in County Carlow, Ireland (Figure 3.1).  

The linseed oil that was used was produced by Barretine Products in Bristol, UK and 

the metakaolin used was called Burgess Optipozz and was produced by Burgess Pigment 

Company in Sandersville, Georgia in the USA. Finally, the VMA was polyacrylic acid based 

and was produced by Larsen Building Products in Belfast, Northern Ireland. 

 

 

 

 

 

 

 

 

 

Figure 3.1 – (a) Vicat PNC, (b) White Rhino hydrated lime, (c) hemp shiv and (d) rapeseed 

straw 

 

 

(a) (b) (c) (d) 
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3.3. Methods of aggregate characterisation 

3.3.1. Aggregate preparation 

Firstly, before any mixing or testing could be done the raw aggregates needed to be 

prepared to ensure consistency. The aggregates were dried in an oven at 50 °C until the 

mass variation was +/-0.1% of the previous day. Then, the aggregates were left in 

laboratory conditions (20°C and 60% relative humidity) for 24 hours before being ready to 

be used. 

 

3.3.2. Bulk density 

This test was carried out in laboratory conditions in order to ensure the bulk 

density results are reliable and followed the protocol published in the Rilem technical 

committee 236 by Amziane et al. (2017). Three tests were conducted using this method to 

check for repeatability.  An amount of the dried aggregate was placed into a glass cylinder 

measuring 100 mm to 200 mm in diameter and at least twice the diameter in height. The 

amount of material was adjusted to be approximately half the volume of the container, at 

which point the mass was taken. The cylinder was then upended 10 times before returning 

the cylinder the right way up and gently shaking it in order to allow the material to settle 

and the cylinder to obtain a horizontal surface. The next step was to mark the level of the 

volume of the aggregate on the cylinder before emptying it and filling it again with water to 

the level that was marked. The bulk density could then be calculated using Equation 3.1. 

 

𝛶 =  
𝑀

𝑀
× 𝜌  

Equation 3.1 

Where: 

Υ = Bulk Density (kg m³⁄ ) 

M = Mass of Aggregates (kg) 

M = Mass of Water (kg) 

ρ = Density of Water at laboratory conditions (kg m³⁄ ) 

 

3.3.3. Water absorption 

For each aggregate investigated in this thesis, three tests were conducted in order 

to analyse the repeatability of the test. The first part of the method was to completely wet 

a permeable bag that was used in the experiment in order to saturate the material and 

ensure it would not gain any more mass during the experiment. The saturated permeable 
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bag was then spun in a small salad spinner at a rotation frequency of 2 Hz for 100 seconds 

to remove inter-granular free water with centrifugal force. A note was then made of the 

weight of the bag before 25g of dry aggregate sample was placed inside the bag. The bag 

was then completely submerged in water for 1 minute at room temperature before once 

again being spun 100 times at twice per second. The weight of the bag was then recorded 

again and the process was repeated on the same aggregate sample after 5, 10 and 60 

minutes and 4 and 24 hours. The absorption value was then be calculated using Equation 

3.2. 

 

 

𝑊(𝑡) =  
𝑀(𝑡) −  𝑀

𝑀
× 100 

Equation 3.2 

Where: 

W(t) = Percentage of initial weight gained at time, t (g). 

M(t) = Mass of sample at time, t (g). 

M = Initial weight of sample (g). 

 

The results were then plotted as raw data and also processed using the method 

proposed by Groot (1999) whereby the mass of water absorbed per unit area was plotted 

against log(time). This was done to allow a deeper understanding of the absorptive 

behavior of these vegetal concrete mixes to be made, as the method allows for two 

separate absorption phases to be highlighted. Firstly, there is the initial rate of absorption 

(IRA), occurring up to the first minute of testing and representing the external adsorption of 

water on to the surface of the aggregate. The second phase is related to the diffusion of 

water through the plant cell walls, this process depends on the presence of things like pits 

in the plant cell walls and is a slower mechanism of water movement and is termed the 

coefficient of absorption (Nozahic and Amziane, 2012).This method has now been 

published in the recommendations of RILEM technical committee 236 as a method of 

characterizing vegetal concretes (Amziane et al., 2017).  

 

3.3.4. Particle size distribution – image analysis 

Determining the particle size distribution of the vegetal aggregates involved using 

an image analysis software called ImageJ to analyse the individual particles for 

measurements like length, width, perimeter and area (Picandet, 2017). Samples of between 
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3g and 6g were studied to ensure that plenty of particles were included in the post analysis. 

A simple flatbed scanner was used to avoid image distortion and easy repetition of the test 

and the dots per inch (DPI) was set and known to allow an easy conversion from pixels into 

mm². For this experiment the DPI was 600 and a dark background (a simple piece of black 

paper) was used to ensure maximum contrast in the scan. The particles were laid out 

directly on to the glass of the scanner and were spread out so the particles did not touch or 

overlap and distort the results (Figure 3.2).  

 

 

 

 

 

Figure 3.2 – Experimental setup for image analysis 

 

The scan was taken and the image threshold was adjusted so just the sample 

particles were to be analysed. The image was then analysed, using the post-processing 

software, for major axis which was defined as the maximum diameter of the smallest fitted 

ellipses plotted on each particle as well as the minor axis, that is the length of the line 

perpendicular to the major axis. Finally, the equivalent diameter (ED) was calculated using 

Equation 3.3. 

 

𝐸𝐷 =  
4 × 𝐴𝑟𝑒𝑎

𝜋
 

Equation 3.3 

 

These results were then plotted on a graph to allow for comparison of the particle 

size between rapeseed and hemp. 

 

3.4. Methods of binder characterisation 

3.4.1. Bulk density 

The bulk density of the binders used in this project were investigated using the 

standard test method for density of hydraulic cement as described by ASTM International C 

188-95 (2003). This method involved filling a Le Chatelier flask with naphtha up to a point 

between the 0 and 1 mL, measured on the flask (Figure 3.3). 



64 
 

 

 

 

 

 

  

 

 

 

Figure 3.3 – Diagram of a Le Chatelier flask 

 

Next, in line with the standard procedure, the neck of the flask was dried above the 

naphtha level before the level of the naphtha was recorded. Following the specific weights 

of binder were slowly added in small increments to the flask with care taken to avoid 

splashing and to ensure that the binder didn’t adhere to the neck of the flask. More binder 

was added until the naphtha level was in the upper series of numbers on the flask neck. At 

this point the stopper was placed in the flask and the flask was rolled in an inclined position 

to make sure there was no air trapped in the submerged binder. Once there were no 

further air bubbles the final reading of the flask was recorded and the bulk density was 

calculated as per Equation 3.4.  

 

𝜌 =  
𝑀

𝑉 −  𝑉
 

Equation 3.4 

Where: 

M = Mass (g) 

Vini = Initial volume (ml) 

Vend = Volume at the conclusion of the experiment (ml) 

 

The difference between the two recorded levels represented the volume of liquid 

displaced by the mass of binder used in the test to give the bulk density measurement. 
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3.4.2. Particle size distribution 

The particle size distribution test for all of the binders was carried out using a 

Malvern Mastersizer hydro 2000G laser particle size analyser with a maximum capacity of 1 

litre and maximum particle size of 2000 microns (Figure 3.4). 

 

 

 

 

 

 

 

 

Figure 3.4 – Malvern Mastersizer hydro 2000G Machine at QUB 

 

3.4.3. X-Ray fluorescence  

X-Ray fluorescence was used to determine the chemical composition of the binders 

used and is different to XRD in that XRF presents the results as compounds as opposed to 

just elements. This was advantageous in that when looking at the chemical content of the 

binders, for example, it meant the binders were able to be directly compared for their SiO2 

content as opposed to simply their Si content.  XRF, a technique commonly used in the 

cement industry, involves aiming an intense x-ray beam at the surface of a sample. The 

interaction of x-rays with the sample causes secondary (fluorescent) x-rays to be generated. 

Each chemical element present in the sample produces x-rays with their own characteristic 

spectra. These x-rays can then be detected and shown as peaks. The positions of the peaks 

identify which elements are present and the peak height identifies the amount of each 

element present. The equipment used was a PANalytical Axios Advanced XRF spectrometer 

(Figure 3.5). The results were then analysed using PANalytical SuperQ software using 

reference samples and artificial analogues. 
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Figure 3.5 – PANalytical Axios advanced XRF spectrometer 

 

3.5. Vegetal concrete specimens 

3.5.1. Mould sizes 

For each set of experimental tests, the size of the specimens tested were varied in 

accordance with either the standard procedure or the procedure adapted for this research. 

However, all samples were cast in steel moulds. For compressive testing 50mm cubes were 

used; elastic modulus testing was conducted on cylinders with a height of 200mm and 

diameter of 100mm and finally all other testing utilised 100mm cubes. 

 

3.5.2. Mixing, fabrication and storage  

All of the samples in this investigation used the same aggregate:binder:water 

(A:B:W) ratio and that was 1:2:3 by mass. This composition was chosen because as it is the 

“wall” formulation in the professional regulations given by SEBTP (2012) which published 

guidelines (in French) as to building applications and the most suitable mixture 

formulations to achieve said application. This mixture composition was used throughout 

the PhD for all mixes and all tests. Prior to mixing a portion of the aggregates were mixed 

with linseed oil at a fraction of 25 % by mass. They were then left to dry for a minimum of 

20 days in order for the linseed oil to polymerise (as it does when in contact with oxygen) 

and develop a solid film on the outer layer of the aggregate particle. They were all cast 

using the same procedure which was to add the aggregate and 65% of the mixing water to 

the mixing bowl first and mix for 2 minutes and 30 seconds. The binder (either 100% PNC or 

hydrated lime, or 80 % PNC or hydrated lime and 20% metakaolin by mass) was then added 

and mixed for a further 30 seconds before the remaining 35% of the mixing water and the 
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chemical admixture (if one was used) was added. The amount of VMA added to the mixture 

was dictated by the amount of water as the ratio of water to VMA was 10:1 by mass. Mixing 

was conducted for a further 2 minutes to achieve homogeneity with a total mixing time of 5 

minutes. A summary of the mixture formulations can be found in Table 3.1, the mixes 

highlighted in bold are the mixes that were chosen for progression in to the detailed 

durability experimentation and the shaded mixes are the mixes manufactured with the 

hydrated lime binder (as opposed to the unshaded ones which were manufactured with the 

Vicat binder. (H = hemp, R = rapeseed, V = Vicat, WR = White Rhino Hydrated Lime, MK = 

Metakaolin, U = Untreated, Lin = Linseed Oil). 
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Table 3.1 – Mixture composition of all mixes in this investigation by mass (%) 

 Hemp Rapeseed Linseed 

Oil 

Vicat Hydrated 

Lime 

Metakaolin VMA Water 

HV U 17 - - 33 - - - 50 

HVU MK 16 - - 31 - 6 - 47 

HV VMA 16 - - 32 - - 5 47 

HV VMA 

MK 

15 - - 30 - 6 4 45 

HV Lin 16 - 4 32 - - - 48 

HV Lin 

MK 

15 - 4 30 - 6 - 45 

HHLU 17 - - - 33 - - 50 

HWR MK 16 - - - 31 6 - 47 

HWR 

VMA 

16 - - - 32 - 5 47 

HWR 

VMA MK 

15 - - - 30 6 4 45 

HWR Lin 16 - 4 - 32 - - 48 

HWR Lin 

MK 

15 - 4 - 30 6 - 45 

RV U - 16 - 33 - - - 50 

RVU MK - 16 - 31 - 6 - 47 

RV VMA - 16 - 32 - - 5 47 

RV VMA 

MK 

- 15 - 30 - 6 4 45 

RV Lin - 16 4 32 - - - 48 

RV Lin 

MK 

- 15 4 30 - 6 - 45 

RWR U - 17 - - 33 - - 50 

RWR MK - 16 -  31 6 - 47 

RWR 

VMA 

- 16 - - 32 - 5 47 

RWR 

VMA MK  

- 15 - - 30 6 4 45 

RWR Lin - 16 4 - 32 - - 48 

RWR Lin 

MK 

- 15 4 - 30 6 - 45 
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 It would have been interesting to use multiple formulations and experimented 

with water demand and its effect on the different mixes. However, 24 mixes were already 

being used in this PhD initially. And so due to temporal as well as financial constraints with 

all of the testing being conducted, experimenting with different formulations was not 

considered. The mixes were all semi-dry, so their workability was indistinguishable between 

all 24 mixes. With the exception of the VMA mixes, which were noticeably “stickier”. 

However, this was to be expected as the mechanism of a VMA is to bind with the mixing 

water and turn it into something more like a gel. 

The mixes were then cast in steel moulds in layers (3 for cylinders and 100mm 

cubes and 2 for 50mm cubes) using manual compaction hammers (Figure 3.6) and were 

then allowed to mature in laboratory conditions for 3 days before demoulding.  

 

 

 

 

 

 

 

 

Figure 3.6 – Compaction procedure (Page et al., 2015) 

 

In regards to mechanical testing and bulk density measurement the samples were 

left in laboratory conditions (20°C and 60% relative humidity) without cover until testing. At 

the times of testing, the specimens were weighed and then measured for volume using 

digital calipers in order to calculate bulk density. For the durability tests, after casting the 

samples were cured in laboratory conditions for 28 days to allow the internal relative 

humidity of the samples to stabilise with that of the laboratory (55%) as described by 

Chabannes et al. (2015) in Figure 3.7 who used hemp and rice husk with a binder 

manufactured using 50 % natural hydraulic binder and 50 % hydrated lime. It should also be 

noted that the mix proportions used in this study were almost identical to those used in this 

PhD. With the A:B:W ratio of the hemp concrete being 1:2:3 by mass and 1:2:2 for the rice 

husk concrete. 
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Figure 3.7 – Variation of RH and residual water content inside specimens 

(Chabannes et al., 2015) 

 

The internal relative humidity (RH) of the samples in Figure 3.7 stabilised at 65% 

due to the laboratory also having 65% RH and from this information, 28 days was assumed 

to be sufficient time for the samples to mature. 

  

3.6. Mechanical tests 

3.6.1. Compressive strength and elastic modulus 

Three samples were tested for compressive strength and elastic modulus. The 

procedures for testing samples under compression and for elastic modulus were similar so 

have both been included in this section. Both test types were conducted on an accurately 

calibrated static compression testing machine (Zwick Roell) with a 100kN load cell. The first 

procedure when testing a sample was to weigh the sample and measure the height, width 

and depth to be able to calculate the density. Next the sample was positioned in the 

compression testing machine centrally under the compression pad and then the crosshead 

was lowered until the pad was in contact with the top surface of the sample (Figure 3.8). 

The loading rate across all tests was set to 0.6N/s and the samples were tested up 

to 20% strain. With regard to elastic modulus the test was conducted using cyclic loading. 

Three cycles were used; the first was loading from 0% to 1% strain and back to 0 N of force. 

The second cycle was up to 2% strain and back to 0 N of force and the third cycle was up to 

3% strain and back to 0 N of force. Finally, the samples were then loaded at the same rate 

up to 20% strain. The strain level was determined by inputting the height of the sample to 

be tested in to the machine beforehand then the machine measured the strain as a 

percentage of travel of the compression pad vertically downwards. 
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Figure 3.8 – A 200x100ᴓmm cylinder during an elastic modulus test 

 

Due to the fact that elastic modulus is defined as the change in stress over the 

change in strain it could be calculated using the resultant stress/strain graph from the cyclic 

experiment. The modulus was taken as the average of the three cyclic loading lines on the 

graph as detailed by Niyigena et al. (2016). 

Statistical analysis was also conducted on the samples. The coefficient of variation 

(COV) for a data set was calculated and used to analyse how representative the results 

were. It was taken that a COV of less than 10 % was very good representativeness, 10 % < 

COV < 20 % was good representativeness, 20 % < COV < 30 % was acceptable 

representativeness and over 30 % was not acceptable.  

 

3.6.2. Scanning electron microscopy (SEM) 

In order to prepare the samples for SEM, they were first cut down to an 

appropriate size of around 50 mm x 50 mm x 50 mm using the mini saw and then were fully 

impregnated in resin. Then the samples were allowed to cure for 48 hours before the 

samples were polished with isopropanol and a 3 mm diamond polisher followed by a 1-

micron diamond polisher. This was done to produce an extremely smooth surface to allow 

for clear and precise imaging under the electron microscope. The samples were then 

investigated under an FEI Quanta Scanning Electron Microscope and only one sample for 

each mix was analysed due to financial constraints. 

SEM will be used in this investigation to analyse the microstructure of the vegetal 

concrete samples. This technique will allow for in depth analysis of the effect of a VMA on 

the interfacial transition zone and will also allow analysis of the level of damage cause in 
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the immersion and outdoor exposure testing. Finally, the effect of carbonation will also be 

able to be observed at a microstructural level using this technique 

 

3.7. Capillarity absorption 

This test was carried out on three 100mm cubes per mix and the preparation of the 

samples before the experiment involved waterproofing the sides of the cubes in order to 

ensure the only method of water absorption was through the uncovered face and the 

mechanism of vertical absorption in the capillaries. The waterproofing was ensured by 

tightly wrapping the base of the samples with waterproof tape (Figure 3.9) (Amziane et al., 

2017). 

 

 

 

 

 

 

 

 

 

Figure 3.9 – Rapeseed VMA sample prepared with waterproof tape 

A container of water was prepared and small 5 mm diameter stainless steel bars 

were set at the bottom of the container to support the samples at a consistent level. The 

amount of water in the container was also of the volume that a +/- 8mm imbibition level 

was maintained between the top of the steel bar and the surface of the water (Figure 3.10). 

 

 

 

 

 

 

 

Figure 3.10 – Water capillarity test setup 

 

The samples were weighed when dry and then added to the container and exposed 

to the water. The samples were removed from the water and weighed at set intervals of 1, 
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2, 3, 5, 10, 15, 30, 60, 120, 180 and 300 minutes. The data was then plotted against 

log(time) to determine the IRA and absorption coefficients of the concretes as 

recommended in the RILEM Technical Committee 236 (Amziane et al., 2017). COVs were 

also calculated for the data using the same thresholds as stated in section 3.6.1. 

 

3.8. Thermal testing 

The thermal conductivity test was an adapted version of BS EN 993-15:2005 (BS EN 

993-15:2005, 2005). In order to investigate the thermal conductivity of the PNC and 

hydrated lime samples three 100 mm cube samples for each mix were cast and then cut in 

half to give two 100mm x 100mm x 50mm slabs. The transient hot wire method was chosen 

over the hot plate method because it is much quicker to repeat due to not needing to 

induce water migration during the test. This method works by generating a heat flux by 

Joule effect and measures the variation in temperature as a function of time using a 

thermocouple (Amziane et al., 2017). The rise in temperature was limited to 20 °C, the test 

duration was 50 seconds and the power inputted to the system was 0.1 W.  

 

 

 

 

 

 

 

Figure 3.11 – An example of a temperature/time graph for a Vicat untreated sample 

 

The equation for calculating the thermal conductivity is presented in Equation 3.5 

and Figure 3.11 illustrates an example of a thermograph that is produced by the machine 

which is used to calculate the thermal conductivity (λ) using the long slope of the graph (ξ), 

time (t), temperature (T), the electrical power of the machine (P) and the wire length (L). In 

this case it is the inside faces of an untreated PNC sample that were studied. 
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𝜆 =  ×
∆  ( )

∆
=                                                  

Equation 3.5 

Where: 

λ = Thermal Conductivity (Wm-1K-1) 

ξ = Gradient of temp/time graph 

t = Time (seconds) 

T = Temperature (°C) 

L = Wire length (mm) 

P = Machine power (volts) 

 

The thermal conductivity measurement was carried out perpendicular to the 

casting direction and was measured on both the outer face of the samples and the inner cut 

face. The average was then taken and those are the results presented. COVs were also 

calculated for the data using the same thresholds as stated in section 3.6.1. 

The mechanical, water absorption and thermal conductivity testing formed the 

initial characterization element of the investigation. All of these tests were conducted on all 

24 mixes. And based on these results, 4 mixes were chosen that exhibited the most positive 

results in terms of a combination of highest compressive strength, lowest amounts of water 

absorption and lowest thermal conductivity for more detailed durability testing.  

 

3.9. Weathering testing 

3.9.1. Immersion cycle lengths 

In order to evaluate the weathering resistance of hemp and rapeseed straw 

concrete a test was devised to investigate this property in the long term. An accelerated 

immersion test was devised which involved submerging 100mm cube samples in water to 

fully saturate them, then to dry them again completely. These two processes formed a 

single cycle and these cycles were repeated numerous times in order to investigate long 

term durability.  

Initially the saturation and drying times had to be established in order to form the 

cycle lengths. To do this the samples were submerged in water and each day were weighed 

after being placed on a steel grid for 30 mins to allow any free water to escape. If the mass 

of the sample was within 0.1% of the previous day’s mass then full saturation was assumed 

to have been reached and the previous day was taken to be the length of that wetting 

cycle. For drying, the samples were placed in an oven at 50°C and were weighed daily until 
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complete drying had occurred and the length of the cycle found. This was carried out for 

each of the four mixes; untreated hemp (HU), hemp VMA (HV), untreated rapeseed (RU), 

rapeseed VMA (RV), all using the Vicat binder, and the cycle lengths are summarised in 

Table 3.2 below.  

 

Table 3.2 – Cycle lengths (days) for all mixes used in the immersion experiments 

 HU HV RU RV 

Wetting 5 7 5 7 

Drying 6 6 6 6 

Total 11 13 11 13 

 

It was decided that the test would be a long-term test and so 20 cycles were 

conducted meaning a total test time of 220 days for untreated samples (20 x 11) and 260 

days for VMA samples (20 x 13). 

 

Full immersion 

Large plastic boxes were used and filled with water to submerge the samples 

(Figure 3.12) and the cycles were conducted according to the description given in section 

3.9.1.  

 

 

 

 

 

 

 

 

Figure 3.12 – Rapeseed VMA samples during a full immersion weathering test 

 

After each cycle had been completed the samples were weighed and measured for 

height, width and depth using digital callipers, the width and depth measurements were 

then plotted and analysed for sample swelling and shrinkage. This was done after the 

samples had been removed from the oven as well as removed from the water in order to 

measure any effect of the saturation/desaturation cycles, in particular swelling. Any 

changes in amount of water absorbed were also noted by observing the differences in mass 
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of the samples. In order to investigate the effect that the submersion was causing after 5, 

10, 15 and the full 20 cycles were completed samples were removed for compressive 

strength testing as well as Fourier-transfer infrared spectroscopy (FTIR) on the fibre 

samples. F samples were tested at each time period for each mix, three were needed for 

the compressive strength testing for repeatability, leaving one as a spare as before the 

testing has begun it was not known if samples would fail or disintegrate during the 

experiment. When it was found that the samples remained intact, the spare from each mix 

after the final cycle was used for SEM. 

 

Partial immersion 

In addition to full immersion of the samples, partial immersion was also 

investigated because full immersion, although a necessary and valid parameter of validating 

durability properties, is an extreme case that would be relatively rare in a real-life situation. 

The only situation where full immersion of the material would occur would be during 

flooding. Therefore, it was necessary to study a less extreme and more likely case of 

wetting and drying that would more closely imitate the conditions of a building in real life; 

especially in a wet climate such as Northern Ireland, U.K (Figure 3.13). 

 

 

 

 

 

 

 

 

 

Figure 3.13 – Top 10 average precipitation for European countries, mm per year  

(the Global Economy, 2014). Data from the food and agriculture organization  

of the United Nations (FAO, 2014) 

 

As can be seen in Figure 3.13 the U.K had the 5th highest average annual 

precipitation of any country in Europe in 2014 and so it is clear that this partial immersion 

test is very well suited to mimic the conditions members, particularly columns or wall 

panels in buildings, would face if erected on site in the U.K. 
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Figure 3.14 – Samples partially submerged during a partial immersion test 

 

To allow for comparisons between the two immersion methods, the same cycle 

lengths were used for these partial immersion tests. That is, 13 days for the hemp and 

rapeseed mixes and 11 days for the untreated mixes. The samples were positioned upon a 

steel grid in the water to allow vertical absorption of water via capillary suction (Figure 

3.14). Finally, at the end of each wetting and drying cycle the samples were weighed and 

measured with digital callipers and after 5, 10, 15 and 20 cycles samples were removed for 

compressive strength testing and Fourier-transfer infrared spectroscopy (FTIR) on fibres. 

Four samples were tested at each time period for each mix, three were needed for the 

compressive strength testing for repeatability, leaving one as a spare as before the testing 

has begun it was not known if samples would fail or disintegrate during the experiment. 

When it was found that the samples remained intact, the spare from each mix after the 

final cycle was used for SEM. 

 

3.9.2. Outdoor exposure 

The final phase of the weathering testing was to assess the effect, if any, of leaving 

samples outdoors to naturally weather for a year. Samples of the same 4 mixes (HU, HV, RU 

and RV) were left in an outdoor exposed environment for a year and then subsequently 

tested (refer to below. Over the course of the year the samples were exposed to all kinds of 

weather systems including heavy rain, snow and heat and the weather statistics from the 

Met Office can be seen in Table 3.3. 
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Table 3.3 – Weather statistics for Northern Ireland during the outdoor testing (Met Office, 

2019) 

 
Oct-

17 
Nov-

17 
Dec-

17 
Jan-

18 
Feb-

18 

Ma
r-

18 
Apr-

18 
May

-18 
Jun-

18 
Jul-
18 

Aug-
18 

Sep-
18 

Mean Temp 
(°C) 10.8 5.8 4.7 3.9 2.9 3.9 7.9 11.8 14.9 

15.
8 14.4 11.5 

Rainfall 
(mm) 105.7 

112.
8 116.1 

170.
9 74 

85.
8 80.9 58.3 49.1 

80.
6 102 57 

Raindays ≥ 1 
mm 16.5 19.1 18.1 22.1 14.1 

14.
4 16.1 9.9 6.9 9.7 18.7 13.7 

Days of Air 
Frost 0.3 3.4 9 8.3 13.3 11 3.8 0.6 0 0 0 0.4 

 

The samples outside were secured by a simple platform adapted from a wooden 

pallet, hence the samples were partially protected from things such as high winds using a 

polymer-based mesh (Figure 3.15). Holes were cut into the mesh around the samples to 

allow for maximum exposure to solid or semi-solid systems such as snow. It should be 

noted that in a real-world application the material would be fully exposed to the things 

such as wind that the polymer mesh was there to partially protect against. However this 

protection was only devised as a restraint as the material is light enough that it would have 

blown off the platform during the year of testing had the restraint not been there, and the 

cutting of the mesh was assumed to expose the material to any possible abrasion that 

would have been caused by the wind. Four samples were cast for each mix; three for 

repeatable compressive strength testing and one for TGA 

 

 

 

 

 

 

 

 

 

Figure 3.15 – Outdoor samples prior to testing 

 

In order to evaluate the effect of the weathering conditions in Northern Ireland on 

the samples they were tested for compressive strength as well as carbonation using 

thermogravimetric analysis (TGA) and x-ray diffraction (XRD). The microstructure of the 
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samples was analysed using scanning electron microscopy (SEM) and finally the fibres 

themselves were investigated using FTIR. 

 

3.10. Leaching 

The leaching testing was conducted on three samples of each of the mixes chosen 

for durability testing. They samples were tested using the relevant full immersi0n protocol 

described in section 3.10, however only 5 cycles were conducted instead of the full 20. This 

was due to temporal constraints. At the end of the experiment the specimens were cut in 

half using a clean-bladed band-saw and samples of aggregate were taken from the middle 

of the exposed face of the sample for Fourier-transform infrared spectroscopy. The test 

water was also tested for leaching using calcium atomic absorption. 

 

3.10.1. Fourier-transform infrared spectroscopy (FTIR) 

FTIR was used in conjunction with attenuated total reflectance (ATR) on a Jasco 

FT/IR-4100 machine (Figure 3.16) to determine the chemical makeup of the bio-aggregates 

before and after the leaching and carbonation tests. The testing was conducted by studying 

the vibratory sequences of the samples in the range of 650 – 4000 cm-1 with a 4 cm-1 scan 

resolution. The results of FTIR differed from XRD in this PhD project because FTIR was used 

to determine organic makeup of the bio-aggregates which the XRD machine is unable to do; 

it was used to determine the mineral makeup of the binders used in this investigation and 

only one sample for each mix was analysed due to financial constraints. 

. 

 

 

 

 

 

 

 

 

 

Figure 3.16 – Jasco FT/IR-4100 machine 

  



80 
 

3.10.2. Calcium atomic absorption (CAA) 

Calcium atomic absorption was conducted on a PerkinElmer AAnalyst 400 AA 

Spectrometer (Figure 3.17) using a 4-ppm calcium ion standard. The purpose of this test 

was to determine the amount of calcium that had leached from the weathering samples 

into the experiment-water during the inorganic leaching test. This is especially important 

considering the significant role calcium has in the strength development of the binders. If 

all the calcium is rapidly washed away during weathering then the material will fail to 

develop strength and weathering would be classified as a major durability concern. 

In order to prepare the liquid samples for testing, the three water samples (three 

concrete samples for each mix were tested) first had to be filtered through a 0.45-micron 

filter paper and pipette before being diluted with distilled water so the concentration of the 

sample was under the 4-ppm threshold. This was a process of trial and error for the liquid 

samples as they were all well above the 4-ppm limit. Table 3.4 shows the dilution factors 

that were needed for each mix: 

 

 

 

 

 

 

 

 

Figure 3.17 – PerkinElmer AAnalyst 400 AA spectrometer 

 

Table 3.4 – Dilution factors for the testing water of all mixes for the calcium AA 

experiment 

 HU RU HV RV 

Dilution Factor 1250 1250 250 250 

   

Table 3.4 gives the dilution factors for each mix so as an example the untreated 

hemp mix (HU) had to be diluted with 1-part testing water to 1250 parts distilled water to 

get the concentration of the calcium in the testing water under the 4-ppm threshold. 

The actual method of the test involved first analysing a blank sample to reset the 

machine before analysing the 4-ppm standard and then analysing the diluted sample in 
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question to give its concentration. COVs were also calculated for the data using the same 

thresholds as stated in section 3.6.1. 

 

3.11. Carbonation 

As part of the durability aspect of this study long term carbonation of vegetal 

concretes were studied in detail. It was decided that after the initial 28 days of storage time 

to allow the internal relative humidity of the samples to stabilise (as described in section 

3.5.2) the total test length of the accelerated carbonation experiment was to be 6 months. 

Thus, the samples were placed in a carbonation chamber with an atmospheric carbon 

dioxide level of 5%, temperature of 20°C and relative humidity of 60% (Figure 3.18). The 

atmospheric carbon dioxide level was decided upon in accordance with BS 1881-210:2013 

(2013), the British standard for the accelerated carbonation method. Four samples were 

tested at each time period (6, 12, 18 and 26 weeks) for each mix. This was because three 

samples were needed for the compressive strength testing for repeatability, leaving one for 

TGA and XRD. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.18 – Carbonation chamber 

 

In order to investigate the level of carbonation as well as the improvement in 

compressive strength of the samples, multiple tests were conducted over the experiment 

duration to investigate the effect of carbonation against time; phenolphthalein spraying to 

roughly gauge carbonation levels over time, XRD and TGA. The final two tests were 

conducted to give an exact percentage of carbonation as well as a look at how carbonation 

was affecting the composition and structure of the binder samples.  
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TGA and XRD were also conducted on the binder powder samples across the cross-

section of the sample. The 100 mm cubes were initially cut exactly in half using a band saw 

and from there powder samples were taken from the outer edge, at ¼ across the cross 

section (25mm) and at the mid-point of the specimen. This allowed a carbonation profile to 

be developed across the sample (Figure 3.19). 

 

 

 

 

 

 

 

 

 

Figure 3.19 – Example of cube after powder samples have been taken  

at the three points across its cross section 

 

Phenolphthalein testing was conducted by cutting the sample under consideration 

in half leaving two 100 x 100 x 50 mm slabs. The newly exposed face of the slab was then 

sprayed with phenolphthalein spray and the carbonation boundary was measured with a 

ruler from the outside in. Phenolphthalein solution is a pH indicator and is pink when in a 

basic solution and clear in an acidic solution. As it pertains to concrete the spray was to stay 

pink as long as the concrete was uncarbonated. However, as the pH of the surface dropped 

below roughly pH 9 the spray was to turn colourless. This is a useful indicator for 

carbonation testing as when a concrete carbonates its pH drops.  So the indicator can be 

used to identify if carbonation is happening and has been used successfully in the vegetal 

concretes literature (Chabannes et al., 2015). 

 

3.11.1. Thermogravimetric analysis (TGA) 

This test was based on BS ISO 12989-2:2004 (2004) and was used to investigate the 

sample’s level of carbonation by heating it up to a maximum of 1000 °C in an inert 

environment. Dust samples were taken from three points across the cross-section of the 

specimen; at the outer edge, a quarter of the way into the specimen and from the centre. 

The mass of calcium carbonate was then calculated at each of these sites and this allowed a 

carbonation profile to be established. This was done for both the samples in the 
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carbonation chamber and the equivalent control samples. The machine was flushed with 

Nitrogen gas to provide the inert environment and was then loaded with the powdered 

samples of 50(+/-3) mg that had been passed through a 45-micron sieve. These samples 

were then examined with a Netzsch STA 449C Jupiter system (Figure 3.20). The mass lost 

from the samples as they were heated up to 1000 °C at 20 °C/min was recorded and this 

provided a graph which shows a visualisation of how much mass was lost and at what 

temperature; called a TG curve. The first derivative of the TG curve, called the DTG 

(differential thermogravimetric) curve was also examined which gave an indication of which 

gases were lost.  

 

 

 

 

 

 

 

 

 

Figure 3.20 – Netzsch STA 449C Jupiter machine 

 

3.11.2. X-Ray diffraction 

The XRD tests were carried out and prepared in accordance with BS EN 13925-3 

(2005). The samples were first powdered and passed through a 45-micron sieve. The 

sample holder was then loaded before the holder was placed into the PANalytical X’Pert 

PRO diffractometer (Figure 3.21). The minerals that made up the sample diffracted the X-

ray beams that were fired at them at an angle and this diffraction angle is what was used to 

identify the minerals using a local Powder Diffraction File database. The results were 

produced on a connected computer and PANalytical X’Pert Highscore software and will be 

used to quantify the levels of carbonation occurring in the HU, HV, RU and RV samples after 

exposure to the elevated atmospheric carbon dioxide conditions. 
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Figure 3.21 - PANalytical X’Pert PRO diffractometer at QUB 

 

3.12. X-Ray tomography 

Volumetric imaging of bio-aggregates and vegetal concretes was performed using a 

µCT 40 X-ray microfocus Computed Tomography system (Scanco Medical, Switzerland). 

Scans were performed at a nominal resolution of 6 µm, with a peak voltage of 45 kV at 8 

watts, generating a stack of greyscale images for analysis. These images were transformed 

into 3D structures; using Scanco software to threshold greyscales images into binary and 

then reconstructed. Microstructural analysis was performed on reconstructed samples 

using bone morphometric analysis software supplied by Scanco Medical (Figure 3.22). Only 

one sample for each mix was analysed due to financial constraints. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.22 – Example of bone morphometric reconstructed image of hemp shiv 
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This technique will be used to quantify the porosity of the HU, HV, RU and RV mixes 

to allow for a deeper understanding of the results of the testing throughout this 

investigation. 

 

3.13. Capillary rise experiment  

The capillary rise experiment was an original test setup developed during this 

project and is the first of its kind in the field of vegetal concretes. It involved taking a 

picture of a cubic sample in direct contact with a discrete wet surface every hour to track 

the effect of capillary forces and how the drawn water travelled vertically through the 

concrete samples. Simultaneously the masses of the samples were monitored in order to 

observe the change in mass as the water was observed through capillarity. The samples 

were tested at an age of 28 +/-1 days. The setup for this involved having an elevated 

platform above a reservoir of water (Figure 3.23). The platform was a 100 mm square of 

stainless steel (to stop any rusting or other contamination) attached to the top of a loadcell 

which was connected to a baseplate; the loadcell provided the mass-measuring device and 

was connected to a data acquisition system (DAQ) and finally into a PC running Wavelab, a 

marine engineering numerical storage and manipulation software. This software recorded 

the voltages the load cell is experiencing and via prior calibration, converted the voltages 

into mass measurements which are recorded with time in seconds. 

A double-length of absorbent cloth was soaked and then draped over the elevated 

platform and this provided the discrete wet surface where the samples would sit and 

absorb water. Opposite this a GoPro Hero 4 Black was setup exactly square to the front face 

of the cube using a set-square from each corner of the GoPro to minimise distortion of the 

images being taken and analysed (Figure 3.23). The GoPro that was used is part of a 

structural health monitoring PhD project being undertaken at QUB and so had been 

converted and adapted to fine tune out any image distorting that may have been originally 

present. 
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Figure 3.23 – Capillary absorption test setup 

 

LED lights were then placed either side of the camera and a frame was constructed 

around the setup and blacked out. LED lights were chosen because of the fact that they do 

not exert heat and so there is no risk of inaccurate results due to evaporation of water from 

the front face of the sample. The entire setup was blacked out then artificially lit because 

the test was due to last 24 hours; so, if the setup was naturally lit the lighting would 

dramatically change over the time period, making the image analysis in Matlab impossible. 

The experiment was also limited to a shorter time period such as 24 hours due to the 

immense size of the data folders the images created. Testing could theoretically be 

conducted for longer periods of time, however the computational power of the QUB PCs is 

a limiting factor. Three samples were tested for each mix as well as pure aggregate samples 

of both types as well as pure Vicat samples. The composition of the Vicat-only mix was a 

mortar using a binder:water ration of 2:1. This related to the original vegetal concrete 

mixtures because when mixing was done the aggregate was initially premixed with 65% of 

the water by mass. This was to saturate the aggregate and attempt to abate the problem of 

the aggregate outcompeting the binder for water which the binder needed for hydration. 

As a result, only 35% of the water by mass was added after the binder was added. Then 

when looking at what effect this had in actuality for the original 1:2:3 ratio of 
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aggregate:binder:water for the vegetal concrete mixes; binder to water ratio multiplied 

down to 2:1. Only 35% of the water in the original ratio was used for the pure binder. And 

35% of 3 is 1.05. So, the ration of aggregate:binder:mixing water for the pure aggregate was 

actually 1:2:1.05. So, a binder:water ratio of 2:1 was used for the pure Vicat mixes in this 

experiment. 

Once the images had been taken and stored, Matlab was used to conduct image 

analysis and to return the average height of the saturation line as it advances up the sample 

with time. Matlab was used in this instance as opposed to ImageJ (used for the particle size 

distribution image analysis) because of its far greater capability at handling and processing 

large data files. ImageJ also does not allow for custom scripts to be written to utilise a 

specific set of functions and is more of an image analysis software that can only use its pre-

programmed functions only; as opposed to Matlab that is able to be programmed to do 

much more sophisticated and wide-ranging things. An example is given below in Figure 

3.24. It should be noted that due to the nature of pixels starting at 0, 0 in the top left-hand 

corner of the image, the height is from the top surface downwards. The final results are 

calculated by subtracting the result on the image from the height of the specimen. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.24 – Example of capillary rise image post-analysis 
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3.14. Experimental summary and flow chart  
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Table 3.5 – Which tests were conducted on which mixes (and how many samples of each) 

Testing Type HV U HV 

VMA 

RV U RV 

VMA 

All MK 

Mixes 

All 

Linseed 

Oil 

Mixes 

All Hemp 

Hydrated 

Lime 

Mixes 

All 

Rapeseed 

Hydrated 

Lime 

Mixes 

Initial 

Mechanical  

x3 x3 x3 x3 x3 of 

each 

x3 of 

each 

x3 of 

each 

x3 of each 

Capillary 

Absorption 

x3 x3 x3 x3 x3 of 

each 

x3 of 

each 

x3 of 

each 

x3 of each 

Thermal 

Conductivity 

x3 x3 x3 x3 x3 of 

each 

x3 of 

each 

x3 of 

each 

x3 of each 

Immersion 

(Full/Partial) 

x4 x4 x4 x4 - - - - 

Carbonation x4 x4 x4 x4 - - - - 

Outdoor 

Exposure 

x4 x4 x4 x4 - - - - 

Leaching x3 x3 x3 x3 - - - - 

SEM x1 x1 x1 x1 - - - - 

Tomography x1 x1 x1 x1 - - - - 

FTIR x1 x1 x1 x1 - - - - 

TGA x3 x3 x3 x3 - - - - 

XRD x3 x3 x3 x3 - - - - 

CAA x3 x3 x3 x3 - - - - 

Capillary Rise 

Prediction 

x3 x3 x3 x3 - - - - 
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4. Initial characterisation of raw materials and all mixes 

4.1. Introduction 

This chapter presents the results of the initial characterisation of the raw materials, 

and all of the 24 vegetal concrete mixes used in this PhD thesis.  

 

4.2. Aggregate and binder characterisation 

4.2.1. Bulk density 

Initially, the raw aggregate (hemp shiv and rapeseed straw) and binders (hydrated 

lime, Vicat PNC and metakaolin) were characterised, the bulk density results are presented 

in Table 4.1 below. 

 

Table 4.1 – Bulk density results of the aggregates and binders 

Sample Bulk Density (kg/m³) Specific Gravity 

Hemp Shiv 102.4 0.1 

Rapeseed 79.5 0.08 

Vicat 2894.3 2.9 

Hydrated Lime 2220.9 2.2 

Metakaolin 2064.1 2.1 

 

As Table 4.1 illustrates, the rapeseed aggregate is much less dense when compared 

to the hemp shiv. This can be attributed to the pith that was attached to most of the 

rapeseed particles as opposed to the pure woody shiv of the hemp. The bulk density of the 

hemp shiv particles is also similar to that found in the literature (Nguyen et al., 2010; 

Chabannes et al., 2014) 

It can also be seen that by far the binder with the highest bulk density was the 

Vicat. Metakaolin, the partial replacement binder, exhibited the lowest density. 

 

4.2.2. Particle size distribution 

Binder 

The particle size distribution of the binders was measured for the binders that were 

used in this investigation and are plotted in Figure 4.1 below.  
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Figure 4.1 – Binder particle size distribution 

 

Overall, the metakaolin and hydrated lime binders had very similar particle size 

distributions. The hydrated lime was actually marginally larger up to 15 μm, however there 

were a lot more coarser particles in the metakaolin sample over 15 μm. This can be seen in 

Figure 4.1, and lead to the distribution destabilizing the way it did.  

 

Aggregates 

The particle size distributions of the aggregates were done using image analysis. 

This allowed, not only the particles to be sorted by width (minor axis), but also by major 

axis as well as equivalent diameter. The results are presented in Figure 4.2. 

The figure shows that although the hemp aggregate was similar in length to the 

rapeseed aggregate, it is clearly wider in terms of the minor axis. Consequently, this has an 

obvious knock on effect with the equivalent diameter. When looking at this graph in 

conjunction with Table 4.1 (section 4.2.1), it can be seen that globally the hemp straw was 

both larger and denser, meaning expected results can start to be formulated due to the fact 

that properties such as compressive strength, thermal conductivity and water absorption 

are so heavily linked to density (Elfordy et al., 2008; Collet and Pretot, 2014b; Manh, 2014). 

Based off these results, it would be expected that the rapeseed straw aggregate would 

have a lower thermal conductivity however would absorb slightly more water and have a 

lower compressive strength. 
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Sample SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 SO3 Loss on Ignition Total

Hydrated Lime 0.56 0.01 0.06 0.09 0.01 0.54 62.04 <0.006 0.04 0.02 0.64 35.16 99.17

Vicat 16.60 0.24 6.54 2.81 0.06 2.99 49.07 0.09 1.16 0.05 6.71 12.72 99.03

Metakaolin 51.38 1.34 44.60 0.31 0.00 0.02 0.01 0.31 0.20 0.08 0.02 1.74 100.02

 

 

 

 

 

 

 

Figure 4.2 – Particle size distribution of hemp and rapeseed straw aggregate 

4.2.3. Binder XRF 

The chemical makeup of the binders determined using X-ray fluorescence (XRF) is 

included in Table 4.2.  

 

Table 4.2 – Chemical makeup of hydrated lime, Vicat PNC and metakaolin using XRF 

 

 

 

 

As can be seen the Vicat binder contains a relatively high amount of pozzolans for a 

lime, however still provides good scope for carbonation testing as it contains 49 % calcium 

oxide (12.7 % loss on ignition would be the OH needed for calcium hydroxide (Ca(OH)2). As 

expected, the hydrated lime is predominantly CaO (62 %) and 35 % loss on ignition (OH). 

 

4.2.4. Water absorption 

The water absorption rate of the loose aggregate was calculated according to the 

protocol proposed by Amziane et al. (2017) and a direct comparison of the two aggregates 

can be seen in Figure 4.3 along with a comparison with both aggregates once they had both 

been premixed with linseed oil. 
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Figure 4.3 – Water absorption of raw hemp and rapeseed aggregate 

 

It can be seen in Figure 4.3 that both aggregates, whether premixed or untreated, 

absorbed most of their water over the 24-hour testing period in the first minute. This is the 

initial rate of absorption (IRA) and is the amount of water that is absorbed after 1 minute of 

exposure, representing the initial water suction from a free water surface (Groot, 1999). It 

can be seen that the rapeseed aggregate absorbed more water than the hemp. After 24 

hours the rapeseed sample had absorbed 394% of its own weight in water, whereas the 

hemp absorbed 363%; both of which are very high. Also, in both aggregate cases the 

premixing of the aggregate with linseed oil led to a drastic reduction of water absorption 

when compared with the untreated version. This is due to the polymerization that occurs 

by the linseed oil which itself is rich in α-linolenic (52-55%) and linoleic (14-17%) acids 

(Abraham, 1996). As mentioned, the untreated hemp sample has absorbed 363% of its own 

weight in water whereas the untreated rapeseed sample absorbed 394%. This difference 

can be explained by the difference in porosity of the two aggregate types which, with the 

use of X-ray tomography, was calculated to be 40.5% for the hemp stalk and 52.47% for the 

rapeseed straw. Figure 4.4 illustrates this difference in porosity with clear 3D renderings of 

the two straw types, taken during the tomography testing. These renderings can also be 

compared to the optical micrograph image taken from the Vignon et al., (1995) study in 

Figure 2.1. The hemp stalk image in Figure 4.4 is comparable to Figure 2.1, which has been 

dyed to highlight the different layers. Without the dying it is hard to directly compared the 

hemp image from Figure 4.4 to 2.1. However, a slight pith layer can be observed on the 

inside of the hemp image in Figure 4.4, and clear vertical xylems can be seen in the middle 

layer (as is the case in Figure 2.1).  
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Figure 4.4 – X-ray tomography images of hemp stalk (left) and rapeseed straw (right) 

 

There is a difference that can be observed between the two aggregate types and 

that is their composition. There are clear and large vertical pores on the top face of the 

hemp stalk and these are the pores that would carry water and nutrients further up the 

plant when it was alive. The composition is slightly different with the rapeseed straw, as it 

can be seen that although there are still vertical pores in the woody part of the straw. The 

main water absorption would come from the pithy part of what would be the inside of the 

straw. This soft spongy material leads to the increase in porosity (and reduction in density) 

of the straw and thus is responsible for its increased water absorption. 

 In contrast the linseed oil-treated hemp absorbed 242% of its weight in water; a 

39% reduction compared to its untreated counterpart. The linseed oil treated rapeseed 

sample absorbed 264% of its weight in water; a 34% decrease. The results were then 

plotted against the log of time (Figure 4.5) and Equation 4.1 was used to describe the 

absorption characteristics of both materials. 

 

 

𝑊 = 𝐼𝑅𝐴 + 𝐾 × 𝐿𝑜𝑔(𝑡) 

Equation 4.1 

 

The IRA is the amount of water that is absorbed after 1 minute of exposure as 

described previously and the diffusion rate within cells is described by the term K . This is 

more related to the secondary absorption or internal adsorption step of capillarity; it is this 

term that is closely linked to the essential porosity of the material (Amziane et al., 2017). 

Both of these terms are found in Figure 4.5. 
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Figure 4.5 – Sorption coefficients for all aggregate types 

 

Figure 4.5 illustrates that despite the fact that in both cases the rapeseed sample 

absorbed more water than the hemp sample the IRA of both are similar; indeed, for the 

untreated samples the IRA of the hemp sample was higher than the rapeseed sample. It is 

then after the IRA during the diffusion aspect of the water absorption that the rapeseed is 

much more hydrophilic. The diffusion rate of both of the rapeseed samples compared to 

the hemp samples is higher and is visually represented by the steeper trend line in Figure 

4.5. This points to a higher level of intra-granular porosity of the rapeseed sample as water 

is able to diffuse through the particles faster, leading to a higher overall amount of water 

absorbed at the end of the 24 hours. It can also again be clearly seen that the premixing of 

the aggregate with linseed oil led to a reduction of the water absorbed at the micro (IRA) 

and macro (diffusion rate) level. 

 

4.3. Bulk density of the vegetal concretes 

The densities of the concrete samples made with both aggregates, different binders 

and additives were investigated using three specimens of each mix. Figures 4.6 shows the 

effects of additives, binder and aggregate type on the densities of all mixes at 28 days; with 

the standard deviation of the results represented by the error bars. The coefficient of 

variance results can also be found in Table 4.3. Because of the large amount of results only 

the densities at 28 days are presented here and the rest of the results can be found in 

Appendix A. The effect of age is also analysed later in this section. 
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Figure 4.6 – Bulk density graph of hemp and rapeseed concrete samples at 28 days, U = 

untreated, VMA = viscosity modifying agent, Lin = linseed oil, MK = metakaolin 

 

Figure 4.6 illustrates that the bulk density results did not reveal many robust 

patterns. It was observed that in some cases certain binders and admixtures caused density 

of the samples to increase, and in some cases to go decrease. These results are difficult to 

process and explain, and a cause for this may have been the natural variance in the amount 

of water that was left in the binder matrices when the testing was being conducted. The 

remaining free water in the samples would all be different for all of samples due to natural 

variance in porosity, and this would be a logical explanation as to why these density results 

were relatively unclear overall. However, some patterns were still observed. 

It can be seen that the hemp samples resulted in less dense concrete samples when 

compared with rapeseed concrete. And this was because of the packing density of the 

aggregate in the concrete specimens. The rapeseed aggregate was measured to be smaller 

overall in section 4.2.4, allowing more of the aggregate to be packed in to each 100 x 100 x 

100 mm mould. 

Figure 4.6 also illustrates the overall effect of binder on the density of the concrete 

samples. And it was found that the hydrated lime samples were consistently denser when 

compared to the equivalent Vicat samples. It was noted during casting that the Vicat mixes 

were a lot dryer when compared to the hydrated lime samples. And they “bounced back” 

slightly when the mix had been compacted. This was not observed during the casting of the 

hydrated lime samples, and it was found that the hydrated lime samples were much 

“stickier” during casting, indicating a higher absorption of water by hydrated lime 

compared to Vicat and may also have been because of the low solubility of hydrated lime. 

This stickiness also meant that the hydrated lime samples did not move after they had been 

compacted, and this increase in compactness would indicate a lower porosity overall as the 
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air voids in the matrix would have been compacted. This lower porosity would also mean a 

higher density due to packing, which is what can be observed in Figure 4.6.  

Next, the effect of premixing with an additive or using an admixture is studied; and 

it was observed that both the VMA and the linseed oil led to an increase in the material 

density for most mixes. Overall, the use of linseed oil led to the highest increase in the 

density of the concrete, and this is expected because an extra 25% of mass was added by 

premixing the aggregate, however 25% of volume was clearly not also added (the oil just 

caused a polymerised film to develop on the surface of the particles). This increase in mass 

but no accompanying increase in volume would increase the overall density. Also, due to 

the hydrophobic oil film, more water would have been available in the matrix. As with the 

hydrated lime mixes, this slightly wetter mix was much stickier and did not bounce back at 

all after compaction. This increase in compaction would also lead to an increase in density. 

This trend was observed for all mixes except the rapeseed Vicat mix, however it can be 

seen that the standard deviation of the rapeseed Vicat linseed oil mix was high, and so this 

may be the reason for the unexpected result.  

The increase in density of the VMA samples can be explained using the binding 

mechanism of VMAs. The VMA binds with the mixing water with covalent bonds causing 

the water to turn into something more resembling a gel. It would take the water in this 

“gel” much longer to desorb during the process of specimen maturation, and so the added 

mass of the samples is due to bound water in the binder. The added “stickiness” that was 

observed with the hydrated lime and linseed oil samples was also observed when a VMA 

was added. And so similarly, compaction was made easier as the concrete did not “bounce 

back” at all. The one exception to the result was the hemp hydrated lime mix, and the 

reason for this is not known for certain. It is possible that it is down to the casting 

procedure, which has potential to suffer from human error with compaction being 

conducted with manual compaction hammers, and could be researched further.  

Figure 4.6 shows that for every case of binder replacement the density was either 

reduced in the case of the Vicat samples, or had virtually no effect in the case of the 

hydrated lime samples. This raised suspicions that the metakaolin was not reacting in the 

matrix, due to the fact that mortar densities have been reported to increase in 

cement:metakaolin mixes due to the optimisation of the density packing with the superfine 

metakaolin particles (Haining and Qiu, 2017). Also, the specific gravity of the metakaolin 

used in this project was much lower than that of the Vicat binder (2.1 for the MK and 2.9 

for the PNC) and was only slightly lower than the specific gravity of the hydrated lime (2.2). 

So, if the metakaolin was to sit in the binder, unreacted, it would follow that the overall 
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density of the binder would reduce as you are partially replacing a heavier binder with a 

less dense binder. It would also follow that the significance of the reduction in density 

would be different between the two binders. The metakaolin is only slightly lighter than the 

hydrated lime, and is much lighter than the Vicat, which why the effect on the density of 

the partially replaced concrete is much more significant in the Vicat mixes. 

 

Table 4.3 – Coefficient of variance values for mix bulk density results at 28 days (%) 

 Hemp Rapeseed 

 Vicat Hydrated Lime Vicat Hydrated Lime 

U 15.5 14.0 13.4 13.7 

U MK 17.7 12.9 12.2 12.0 

VMA 11.8 15.3 9.6 11.5 

VMA MK 14.9 13.6 11.9 9.8 

Lin 14.0 12.0 21.4 10.2 

Lin MK 14.1 13.2 13.9 11.7 

 

As can be seen in Table 4.3, all of the results gave good representation apart from 

one. The largest COV was 21.4 % for the rapeseed Vicat linseed oil mix and could only be 

deemed as giving acceptable representation. 

Finally, a direct comparison between the hemp and rapeseed samples with age is 

shown in Figure 4.7 but only for untreated samples, as the effect of the binder type as well 

as additives is already established for both binder types. The densities of the samples with 

additives follow the same pattern regarding how their density changes with age as the 

untreated samples in Figure 4.7. Thus, the results of the samples using additives will be 

included in Appendix A. 

 

 

 

 

 

 

 

 

 

Figure 4.7 – Density aggregate comparison, HU = hemp untreated and RU= rapeseed 

untreated 
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The observable trend is that as all of the samples aged, their density decreased. 

This is because free water in the system left over from mixing was either used in hydration 

or evaporated, meaning the samples lost weight and so also density. There is also a slight 

pattern that can be observed when looking at the standard deviation of the results. In all 

cases except the rapeseed untreated Vicat mix the standard deviation of the bulk density 

results decreased with age. Indicating that during mixing and early hydration the binder 

used the available water at different rates. This could well be linked to the observed effect 

of pectins in the bio-aggregates retarding and disrupting hydration. However, with age this 

phenomenon appears to dissipate; and the standard deviation of the samples reduces.  

 

4.4. Concrete Porosity 

The porosities of the hemp and rapeseed untreated and VMA Vicat samples were 

calculated using X-ray tomography. The technique was extremely expensive and was 

impossible to use on all of the mixes, so it was decided it was to be used on only the four 

most promising mixes (which were also the four mixes that were proceeded with for 

durability testing).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8 – Tomography images of (a) rapeseed untreated, (b) hemp untreated,  

(c) rapeseed VMA and (d) hemp VMA mixes 

(d) (c) 

(b) (a) 
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Figure 4.8 is a 3D rendering of the microstructural composition of each sample 

manufactured with the Vicat binder and it can immediately be seen by viewing the images 

that the use of a VMA caused a reduction in the porosity of the vegetal concretes. Table 4.4 

presents the calculated results of the porosities (RU = rapeseed untreated, RV = rapeseed 

VMA, HU = hemp untreated and HV = hemp VMA. 

 

Table 4.4 – Calculated porosity of select concrete samples using X-ray tomography at 28 

days 

 RU RV HU HV 

Porosity (%) 46.1 12.9 24.2 9.6 

 

The calculated numbers clearly show the drastic reduction in porosity for both 

mixes when a VMA was added, which is also linked to the increase in density in both cases. 

This occurred due to the VMA being a long chained polymer that adheres to water 

molecules during mixing and intertwining and entangled with the other long chain VMA 

polymers in the matrix, as was discussed in section 2.10. Finally, the chains develop 

attractive forces towards each other, and it is these three mechanisms that draw the binder 

matrix closer to itself, lowering the porosity. It can also be seen that both of the hemp 

mixes had lower porosities than the equivalent rapeseed mixes. 

 

4.5. Concrete water absorption 

Three water capillarity tests were done on each concrete mix after 14 and 28 days 

of maturing. This was to determine if the maturity of the binder had any impact on its 

water absorption. The results are presented in two different ways; by percentage of weight 

and also in kg/m². This unit of mass per area represents the fact that due to the test setup 

water could only be absorbed with capillary forces through the bottom face of the cube 

only.  

Due to the large amount of time intervals that the mixes were weighed at, 

presenting clearly is difficult so Figure 4.9 (a) and (b) are presented to show the final 

amounts of water absorbed as a percentage for each mix after 5 hours of water exposure at 

14 and 28 day maturity respectively. From this, mixes will be shown in Figure 4.11 and 

Figure 4.12 to illustrate the trends and amounts of water absorbed at the earlier stages of 

the experiment. Finally, all the results for all of the mixes can be found in Appendix B. 
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Figure 4.9 – Percentage of water absorbed by mass for all mixes at (a) 14 days and (b) 28 

days 

 

The graphs are set to the same scale making direct comparison between the 

aggregates easier, and it can be seen that in all cases rapeseed concrete absorbed more 

water than hemp concrete. This was expected from the density results in Table 4.1, section 

4.2.1 that elucidated the fact that the rapeseed straw had a lower bulk density compared to 

the hemp shiv (and also an increased porosity). 

It can also be seen in Figure 4.9 (a) and (b) that using a hydrated lime binder caused 

the amount of water absorbed by a given concrete mix to increase; again, due to a 

reduction in density and increase in porosity. 

The use of a VMA or linseed oil both resulted in drastic reductions of water 

absorption in the finished concrete, which was expected in the case of linseed oil given its 

absorption performance on the raw aggregate in section 4.2.4. Directly comparing the two 

additives depends on the aggregate used. Overall, the reduction in water absorption is very 

similar. The use of VMA led to a reduction by between 22 and 31% in the case of the 

rapeseed samples depending on binder, and between 14 and 38% for hemp samples 

(a) 

(b) 
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14 days U U MK VMA VMA MK Lin Lin MK U U MK VMA VMA MK Lin Lin MK
Hemp 13.4 11.5 7.3 8.8 13.6 11.8 8.8 10.2 8.5 7.3 8.6 7.4
Rapeseed 9.4 6.4 2.5 9.5 15.3 14.9 6.8 9.3 6.8 4.6 7.7 12.9

28 days U U MK VMA VMA MK Lin Lin MK U U MK VMA VMA MK Lin Lin MK
Hemp 7.5 9.3 15.8 26.1 28.1 20.8 7.1 9.1 13.7 10.0 12.6 11.1
Rapeseed 7.6 6.1 12.1 10.0 14.3 14.9 5.7 8.6 6.2 11.0 13.2 17.0

Vicat Hydrated Lime

(binder dependent). The use of linseed oil resulted in a water absorption reduction by 

between 21 and 31 % for rapeseed and 13.5 – 35% for hemp depending on binder. 

As can be seen in Figure 4.9 (a), in all cases for all mixes the hydrophilicity of the 

bio-concretes increased when the binder was partially replaced with metakaolin. Results 

found in the literature reported that the addition of metakaolin into a mortar reduced 

water absorption (Haining and Qiu, 2017) due to products from the pozzolanic reaction 

filling the available pores. However, in the specific case of vegetal concretes the addition of 

metakaolin was reported to increase the amount of water absorbed (Walker and Pavía, 

2014). This study reported that this is probably due to a lower pozzolan content in the 

matrix at the time of testing (the testing age was not reported, making accurate 

comparison here difficult), and is one hypothesis. Due to the water absorption of cement-

based binders being reported as reducing elsewhere in the literature, the hypothesis in this 

investigation is that the metakaolin was simply not reacting. And the increase in water 

absorption was attributed to the lower density of the metakaolin compared to both Vicat 

and hydrated lime (Table 4.1, section 4.2.1), meaning increased porosity in the finished 

concrete. This is a concern regarding the future use of this material in this state as 

metakaolin is well known to improve the durability properties of ordinary concrete, 

however, would appear to potentially create an environment for increased degradation of 

bio-concretes because of it causing the samples it is mixed in to absorb more water. This 

hypothesis will be explored further in section 4.7. 

Figure 4.9 (b) confirms the added hydrophilicity with the addition of metakaolin as 

well as the continued reduction in water absorption with the use of VMA or linseed oil. 

Finally, the trend of the rapeseed concrete samples being consistently more hydrophilic in 

all cases is observed. A direct comparison of the capillary absorption behavior between the 

samples at 14 and 28 days is presented in Figure 4.10, however, only for untreated and 

VMA samples using both binder and aggregate types; this is for the sake of clarity. 

 

Table 4.5 – COV of water absorption for all mixes at both testing dates (%) 
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Table 4.5 presents the coefficient of variation for the water absorption results for 

all of the mixes tested at both 14 and 28 days. As can be seen, there is no overall pattern 

regarding the effect of age of the samples. In some cases, the COV increases with age, and 

in some cases it decreases. It can also be seen that overall the results are representative. All 

of the results either had very good or good calculated COVs. The 28-day hemp linseed oil, 

28-day hemp linseed oil metakaolin and 28-day hemp VMA metakaolin (all manufactured 

with the Vicat binder) were the only mixes that had COVs above this; however, they were 

still deemed acceptable using the thresholds stated in section 3.6.1. 

  

 

 

 

 

 

 

 

 

 

Figure 4.10 – Direct comparison of the effect of aggregate type, binder type, curing age  

and the use of VMA on the water absorption of vegetal concretes 

 

Figure 4.10 demonstrates again that the correlations regarding age and the effect 

of the VMA are strong. In all cases as the concrete got older the level of water absorption 

increased. However, the increase in water absorption between the time intervals is much 

larger in the hemp samples compared to the rapeseed samples; between 14 and 28 days 

there was a 5.3 and 0.5% increase in the mass of water absorbed for the untreated and 

VMA rapeseed Vicat samples respectively. Whereas, for the hemp samples the increase in 

water absorption was much larger; 10.9 and 2.6%. This indicates a better aptitude for 

durability resistance to weathering for the rapeseed samples, as if a building material can 

absorb a lot of water it is at an increased risk of degradation due to weathering. These 

results show that the rate at which rapeseed concrete absorbs water increases less with 

age than hemp concrete. This is directly related to weathering and is something that will be 

investigated further in chapter 6.  

Once again, the absorption coefficient and initial rate of absorption (IRA) were 

calculated for all mix types at both 14 and 28 days and the graphs for these calculations can 



105 
 

be found on the following pages in Figures 4.10 and 4.11. The IRA and coefficients of 

absorption have been removed from the graphs and are presented in tables 4.6 and 4.7. 

The legends have only been left on one graph per page also, due to them being the same 

for all the graphs on the page. 

 

Table 4.6 – Initial rates of absorption for all mixes 

 

Table 4.7 – Coefficients of absorption for all mixes 

 14 28 

  Vicat HL Vicat HL 

  Hemp Rapeseed Hemp Rapeseed Hemp Rapeseed Hemp Rapeseed 

U 0.2494 0.1614 0.5559 0.1379 0.2642 0.1466 0.5185 0.137 

U MK 0.5151 0.1978 0.6071 0.1424 0.4833 0.0906 0.6209 0.1402 

Lin 0.0721 0.2038 0.041 0.1802 0.1328 0.1788 0.0826 0.1764 

Lin MK 0.1108 0.2094 0.139 0.1508 0.2118 0.1843 0.1591 0.1597 

VMA 0.069 0.069 0.0759 0.033 0.0619 0.0826 0.1153 0.1267 

VMA MK 0.0405 0.0767 0.033 0.121 0.09 0.1015 0.1897 0.1221 

 14 28 
 Vicat HL Vicat HL 
 Hemp Rapeseed Hemp Rapeseed Hemp Rapeseed Hemp Rapeseed 

U 3.39 10.91 7.30 13.83 6.44 13.80 8.81 16.05 

U MK 4.80 11.93 7.12 16.42 8.13 10.22 9.91 18.41 

Lin 0.16 1.56 1.48 2.43 1.63 5.68 0.63 2.38 

Lin MK 0.32 3.12 1.41 4.22 1.98 6.90 1.01 5.49 

VMA 0.14 2.06 0.96 3.18 0.81 2.30 1.47 4.33 

VMA MK 0.15 0.15 3.18 2.37 0.80 3.22 2.12 4.23 
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Figure 4.11 – Water absorption per unit area against the square root of time for (a) hemp-Vicat (b) hemp-HL (c) rapeseed-Vicat and (d) rapeseed HL at 14 days 

(a) 

(d) (c) 

(b) 
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Figure 4.12 – Water absorption per unit area against the square root of time for (a) hemp-Vicat (b) hemp-HL (c) rapeseed-Vicat and (d) rapeseed HL at 28 days

(b) 

(c) (d) 

(a) 
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As can be seen in Tables 4.6 and 4.7 and Figures 4.11 and 4.12 clear patterns arise 

regarding mix type and age of testing. A comparison between hemp and rapeseed indicates 

that rapeseed is much more hydrophilic in the initial absorption phase and predominantly 

in the diffusion phase also. Although not in every case; the Vicat binder appears to create a 

more solid pattern for inter-aggregate type comparison, although even this is not so clear 

at the age of 28 days whereas concerning the hydrated lime samples, no real clear pattern 

is obvious. Sometimes it is the hemp that absorbs more water and sometimes it is the 

rapeseed samples. However, in every case apart from one (hydrated lime VMA MK at 14 

days), the rapeseed samples have a higher IRA when compared to the hemp. And this can 

be clearly explained using the porosity results from section 4.4. Where it can clearly be 

seen, that in the four studied mixes, the rapeseed concretes had higher inter-granular 

porosity. 

It can be seen that the initial rate of absorption for hydrated lime samples is 

consistently higher than the equivalent for Vicat mixes at both ages. This agrees with the 

literature (Sentenac et al., 2017b), however the precise reason for this is unclear. Given the 

bulk density results in section 4.3, it would have been expected that because the hydrated 

lime samples achieved a higher bulk density, they would also absorb less water. However, 

this was not the case. The reason for this was not further investigated for reasons stated in 

section 4.9. 

The porosity results in section 4.4 clearly explain the concrete water absorption 

behaviour and increased hydrophobicity of the VMA samples; the reduced porosity that is 

obtained when using VMA is reflected in the reduction of water absorption in both 

absorption phases.  

It is also clear that the partial replacement of the initial binder with metakaolin led 

to an increase in water absorption in both of the absorption phases. As was highlighted in 

section 4.3, at this point suspicions were developing as to if the metakaolin was reacting at 

all. Also, as was implied with Figures 4.9 (a) and (b) the use of either additive greatly 

reduced the amount of water absorbed in both absorption phases. When studying which 

specifically was more effective the results are unclear, predominantly it is the use of VMA 

that is more effective rather than the use of linseed oil, achieving a greater reduction in the 

amount of water absorbed in both absorption phases, across all mixes, at both ages. 

Finally, when comparing the absorption characteristics and their development with 

age it is clear that the IRA increases consistently. However, the absorption coefficient 

seems to be less consistently affected, in most cases the coefficient either stays the same 

or actually reduces. 
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4.6. Thermal conductivity 

Thermal conductivity was conducted on all 24 mixes at 28 days; the results are 

presented in Figure 4.13 and the COV results can be found in Table 4.8. 

It was reported by (Elfordy et al., 2008) that as the density increases, so does the 

thermal conductivity. And using Figure 4.13 and 4.6, the mixes used in this investigation 

comply with that trend.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13 – Thermal conductivity of all mixes at 28 days 

 

As can be seen in Figure 4.13 the rapeseed samples consistently had a lower 

thermal conductivity than the hemp samples, with the exception of the linseed oil samples. 

This is contradictory to the density governing conductivity rule as can be seen in Figures 4.6 

and 4.7 which illustrated that the rapeseed samples had a higher density in all cases 

(reference is to the 28-day samples as this was the testing age for the thermal conductivity 

tests). This shows that for vegetal concretes the density does signify the thermal 

conductivity but it is only comparable between samples made using the same bio-

aggregate. The rule does not hold when comparing between aggregates because inherently 

different aggregates have different thermal conductivity values (due to different aggregate 

bulk densities as was found in Table 4.1). 

This trend also applies between different binders, because when comparing the 

Vicat and the hydrated lime mixes, it can be seen that in all of the mixes apart from the 

untreated mix, the thermal conductivity of the hydrated lime mixes were higher (and the 
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untreated samples were close). It is also interesting to note that there is a negative 

correlation between the thermal conductivity of the vegetal concretes and the amount of 

water they absorb (Figure 4.9). When looking at the two figures, it can be seen that, in 

general, the higher the thermal conductivity, the lower the amount of water absorbed.  

The standard deviations of the results were very small for the untreated samples 

and increased with the addition of the additives for both binders. The use of a VMA 

increased the standard deviation of the thermal conductivity results more than premixing 

the aggregate with linseed oil and also the partial replacement of either binder with 

metakaolin appeared to increase the standard deviation of the thermal conductivity results. 

The standard deviation of the thermal conductivity results went from 0.0056 W/mK for the 

untreated hydrated lime results to 0.036 W/mK for the VMA hydrated lime sample.  

The standard deviation of the rapeseed concrete results followed the same pattern 

as the hemp concrete results, in that the untreated samples were the most consistent 

regarding thermal conductivity and the use of VMA and linseed oil resulted in an increase in 

standard deviation. This time changing from 0.02 W/mK for the untreated hydrated lime 

sample to 0.074 W/mK for the VMA hydrated lime sample. Finally comparing the two 

aggregate types it can be clearly seen that the hemp concretes resulted in the lower 

standard deviation overall. 

As with the hemp mixes the rule of density governing thermal conductivity is also 

true with rapeseed concrete and had an even higher correlation here. As with density, the 

use of additives raised the thermal conductivity (linseed oil more so than VMA) and 

partially replacing the binder with metakaolin reduced the thermal conductivity in all cases. 

A comparison is made between the two aggregates in Figure 4.17. But for the sake of clarity 

this is done on Vicat samples only in order to minimise the data in the graph and because 

the patterns for the hydrated lime have been proven to be the same (they can be found in 

Appendix C). 

 

Table 4.8 – Coefficient of variation values for thermal conductivity results of all mixes (%) 

  Rapeseed Hemp 

  Hydrated Lime Vicat Hydrated Lime Vicat 
U 10.1 19.1 2.8 3.3 
U MK 10.9 14.7 2.1 3.6 
VMA 12.3 9.9 13.5 5.8 
VMA MK 15.8 2.3 17.5 8.0 
Lin 13.4 10.4 9.6 8.1 
Lin MK 8.3 14.2 12.7 9.6 
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As can be seen in Table 4.8, the COVs of the results could all be classified as either 

good or very good. Showing that the results were representative. 

 

 

 

 

 

 

 

 

 

 

Figure 4.14 – A comparison of thermal conductivity of samples with density at 28 days 

 

Figure 4.14 illustrates the link between density and thermal conductivity. It can be 

seen that, although the correlation is not necessarily strong for all samples, there is a 

general trend that as the density of the samples increased, so too does the thermal 

conductivity regarding each material type. It should be noted that these samples were 

tested for thermal conductivity at 28 days and the density was also measured at that point 

also. It could also be the case that, at 28 day maturity, there were varying levels of 

hydration in the samples (especially the mixes manufactured with metakaolin). 

Finally, the results are compared with the results found in the literature (Figure 

2.19).  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.15 – Comparison of obtained results to the literature 
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Here, the obtained experimental results are the four larger icons with no fill. Due to 

the large volume of results obtained only the results of the mixes that are to be proceeded 

with are presented against the literature. The untreated hemp control and hemp VMA mix 

results firmly agree with the literature coming in within the main body of the range of 

density as well as thermal conductivity. If anything, the results are slightly lower than the 

results from the literature.  

In comparison the rapeseed mixes exhibited an even better thermal conductivity, 

however are slightly denser as mentioned earlier. This led to the results comparing very 

favourably with the literature as the rapeseed mixes were some of the heaviest when 

comparing with the literature but also some of best regarding thermal performance. 

 

4.7. Compressive strength 

Compressive strength tests were also carried out on three samples of all 24 mixes 

Presented in Figure 4.16 (a), (b) and (c) are the strength results for all of the mixes at 7, 28 

and 90 day ages.  

The same vertical scale for all three graphs has been presented for the different 

ages in order to obtain the clear visualisation of the compressive strength development of 

the samples over time. The first comparison to be made is between binders. During early 

age there was no clear pattern as to which binder was stronger; and was probably the 

hydrated lime samples overall. However, at 28 and 90 days a clearer pattern began to 

appear and the hydrated lime binder consistently performed better. This is explained using 

SEM imaging; Figure 4.17 are images taken from untreated hemp Vicat samples and 

untreated hemp hydrated lime samples (both at 28 days). 
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Figure 4.16 – Compressive strengths of all mixes at (a) 7 days, (b) 28 days and (c) 90 days 

(a) 

(b) (c) 
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Comparing the aggregate types revealed a clear and consistent pattern, and that is 

that using the rapeseed aggregate led to a greater compressive strength in the material. 

The SEM images for both hemp and rapeseed untreated samples are presented in Figure 

4.17 below. 

 

 

 

 

 

 

 

 

 

 

Figure 4.17 – SEM images of hemp untreated Vicat samples (left) and rapeseed  

untreated samples (right), arrows denote voids 

 

As can be seen in Figure 4.17 the ITZ of the rapeseed sample was clearly in poorer 

condition than the ITZ of the hemp sample; signified by the greater area of voids seen in the 

rapeseed image. This appears to contradict the results obtained for the compressive 

strengths of the two materials as an improved ITZ and reduced porosity increases 

compressive strength. However, a closer look at the aggregate properties explains the 

increase in compressive strength for the rapeseed samples. As was determined in section 

4.2.2, the rapeseed aggregates were physically smaller on average compared to the hemp 

aggregates. This reduced size of aggregates allowed more of them to be packed in per unit 

of volume when compared with the hemp. This can be observed in the SEM images in 

Figure 4.17 where the hemp image has fewer aggregate particles present but they are 

larger, the fact that the rapeseed particles are more densely packed into the specimen lead 

to an overall increase in the material density (which was observed in Figure 4.6, section 4.3. 

This overall increase in density in the rapeseed samples is what led to the increase in 

compressive strength when compared to the hemp samples.  
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Figure 4.18 – SEM images of hemp untreated Vicat samples (left) and hemp untreated  

hydrated lime samples (right) 

 

The microstructural imaging in Figure 4.18 details that at 28 days the ITZ of the 

Vicat samples was in poorer condition when compared with the hydrated lime samples. The 

ITZ of the hydrated lime samples was still imperfect, however, and cracks can be seen 

throughout the matrix alongside gapping at the ITZ between the aggregate and the binder. 

However, this gapping is much worse in the Vicat binder and there are considerable pores 

present. It can also be seen that the pores are a slightly different shape in the Vicat binder. 

Whereas, visually, the porosity appears as cracks in the hydrated lime binder, the pores are 

more circular in nature in the Vicat sample.  

The effect of a VMA is also studied, and it is found that the use of a VMA is highly 

effective at increasing the compressive strength of the material, causing an increase in 

compressive strength of 197% for hemp Vicat concrete and 130% for rapeseed Vicat 

samples after 7 days and 278% and 203% respectively after 90 days. The use of linseed oil 

also caused a moderate increase in compressive strength, although not to the same level of 

the increase caused by VMA. Comparative SEM images of untreated and VMA Vicat 

samples are presented in Figure 4.19. 
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(a)                                                                   (b) 

                                                                                 

 

 

 

 

 

 

 

 

        (c)                                                                    (d) 

 

Figure 4.19 – SEM images of (a) hemp untreated (b) hemp VMA (c) rapeseed untreated 

and (d) rapeseed VMA samples (all Vicat) 

 

Figure 4.19 clearly indicates that the addition of a VMA into the mix greatly 

improved the ITZ of both vegetal concrete types. There is also a significant reduction in the 

porosity within the binder matrices. Although it should be noted that the ITZ is still not 

perfect, only significantly increased in coherence. This increase in the quality of the ITZ and 

reduction in the porosity of the matrix (and so increase in density) overall is what is 

responsible for the overall increase in the compressive strength of the vegetal concretes 

that incorporate a VMA.  The mechanisms for how the addition of a VMA into the mix 

reduces the porosity, and so increases the density, are already discussed in section 2.10 and 

again in section 4.4. 

The COVs for all of the mixes at all ages can be found in Tables 4.9, 4.10 and 4.11. It 

was found that most of the results were classified as either good or very good for 
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representativeness. All apart from hemp hydrated lime linseed oil metakaolin and rapeseed 

hydrated lime VMA metakaolin; both at an age of 7 days. 

 

Table 4.9 – COVs for compressive strength results for all mixes at 7 days 

  Hemp Vicat Hemp Hydrated Lime Rapeseed Vicat Rapeseed Hydrated Lime 

U 6.9 11.4 11.6 5.3 

U MK 5.4 9.5 4.6 6.8 

VMA 6.4 16.3 4.2 3.8 

VMA MK 7.5 10.0 14.8 24.3 

Lin 16.6 8.0 13.2 7.6 

Lin MK 4.3 23.3 0.9 14.8 
 

Table 4.10 – COVs for compressive strength results for all mixes at 28 days 

  Hemp Vicat Hemp Hydrated Lime Rapeseed Vicat Rapeseed Hydrated Lime 

U 6.9 0.8 15.1 4.0 

U MK 10.7 2.1 8.9 7.3 

VMA 5.6 1.0 4.9 1.1 

VMA MK 5.6 4.1 1.9 3.5 

Lin 13.9 10.1 14.9 1.7 

Lin MK 10.7 6.1 8.1 4.7 
 

Table 4.11 – COVs for compressive strength results for all mixes at 90 days 

  Hemp Vicat Hemp Hydrated Lime Rapeseed Vicat Rapeseed Hydrated Lime 

U 5.1 12.7 11.1 2.1 

U MK 8.5 5.9 1.2 7.3 

VMA 5.1 1.8 4.0 5.5 

VMA MK 5.4 5.1 5.6 0.9 

Lin 11.5 3.9 10.6 3.8 

Lin MK 8.0 10.3 3.6 6.6 
 

Next, the effect of metakaolin replacement is studied and at 7 days the effects of 

binder replacement are negligible. Only small changes in compressive strength are 

observed when comparing to the partially replaced to the non-replaced binder 

counterparts. In contrast, changes in compressive strength when the binder is partially 

replaced can be observed at 28 and 90 days, however, the changes do not follow a clear 

pattern. In most cases the addition of metakaolin led to a decrease in strength. This was the 

case for all mixes apart from the untreated rapeseed hydrated lime MK mix, the hemp Vicat 

VMA MK mix and the hemp hydrated lime linseed oil MK mix. However, these are probably 
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just anomalies. Figure 4.20 illustrates the strength development of just the mixes where the 

binder had been partially replaced by metakaolin, with time. The legend is only included on 

one of the graphs because it is consistent for all 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.20 – Compressive strength development of (a) untreated, (b) VMA and (c) linseed 

oil mixes that had been partially replaced with metakaolin  

 

Figure 4.20 shows that for all of the mix types the compressive strength increased 

between 7 and 28 days, however in some cases between 28 and 90 days the strength 

actually decreased. The mixes where this occurred were untreated hemp hydrated lime, 

untreated rapeseed untreated hydrated lime, hemp VMA hydrated lime, hemp VMA Vicat 

(a) 

(b) (c) 
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and rapeseed linseed oil hydrated lime. This was an issue that was highlighted in a paper by 

Walker et al. (2014) in which long term compressive strength loss in lime:metakaolin mixes 

was also noted. The reason for this is two-fold, and is started because of the competition 

between the carbonation and hydration reactions in lime:pozzolan mixes curing in dry 

conditions. It was reported by Özlem et al. (2010) that under dry conditions (60 % RH) 

moisture content was not high enough to promote the pozzolanic reaction however 

provided an ideal environment to promote the carbonation reaction. With a greatly slowed 

or potentially even terminated pozzolanic reaction all of the available calcium hydroxide 

needed to fuel the pozzolanic reaction was consumed in the carbonation reaction. With no 

calcium hydroxide left for the metakaolin to react with, the metakaolin just resided in the 

matrix as a filler not contributing any mechanical strength to the system.  

As mentioned in the previous paragraph, with the carbonation reaction dominating 

and taking all of the available calcium hydroxide, the pozzolanic reaction was obviously 

greatly slowed. However not only was the reaction rate slowed due to lack of competition, 

but also due to lack of energy in the reaction mechanism. The effect of a slow rate of 

pozzolanic reaction was studied by Donchev et al. (2010) who observed the pozzolanic 

reaction between hydrated lime and metakaolin at 23 °C and 100 °C and noted the 

differences. At 100 °C the pozzolanic reaction was fast and produced well defined needle-

like crystalline gehlenite and hydrogarnet hydrates. In the pozzolanic reaction it is the 

gehlenite that increases a concrete’s mechanical properties. At a higher temperature with 

more energy the pozzolanic reaction would keep going until all available hydrated lime was 

consumed. 

However at 23 °C Donchev et al. (2010) noted that the process of hydration was 

slowed down due to the lack of available energy in the reaction mechanism. If free lime 

were to be available to gehlenite crystals the two would react to form more hydrogarnet as 

hydrogarnet is a more stable crystalline structure in laboratory conditions. However it is 

also detrimental to the mechanical properties of a concrete matrix and as was reported by 

Özlem et al. (2010) it is the hydrated phases of a lime:metakaolin matrix that influences its 

mechanical properties over the calcium carbonate phases. 

Finally, it could have simply been the case that there was not enough water 

incorporated into the mix (or during the curing process) to promote the hydration of the 

metakaolin with the available calcium hydroxide. There was already a lot of competition for 

water in the vegetal concrete mixes with the lime binder and vegetal aggregate. So, with 

not enough water, the metakaolin did not react and another reason has been created for 

the metakaolin to just sit in the concrete matrix as a filler. 
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Thus, it can be seen that a number of factors had caused the incorporation of 

metakaolin into the lime mix to be ineffectual. And for research into the area of 

lime:metakaolin vegetal concretes to continue the curing conditions must always be of high 

water content (over 98%) in order to discourage the carbonation mechanism and promote 

the pozzolanic reaction. 

As expected, the compressive strength of all the mixes increased with age (Figure 

4.21). The use of a consistent y axis scale makes this easy to see. It can also be seen in 

Figure 4.21 that the VMA mixes gain strength at a much faster rate compared to the mixes 

with linseed oil and the untreated mixes, the linseed oil samples gain strength at an almost 

linear rate, and the untreated samples can more strength in the early age (between 7 and 

28 days) then level off up to 90 days and finally the VMA samples gain a lot of strength 

between 7 and 28 days then continue to gain strength up to 90 days. This implies that the 

use of polyacrylic acid imparts strength gains beyond 90 days and further into the long 

term, and is something that should be studied further. 

 

 

  

 

 

 

 

 

 

 

 

Figure 4.21 – Compressive strength development of selected Vicat mixes over time 

 

Figure 4.21 only plots the compressive strength development of six of the Vicat 

mixes (the four chosen for further investigation in the following chapters and the two 

linseed oil counterparts). This clearly illustrates that the two VMA mixes gain compressive 

strength more rapidly than the untreated samples. It can also be seen that the standard 

deviation of all the mixes is small, which is a good result. This is because, as the SEM images 

revealed in Figure 4.19, the ITZ of the HV and RV mixes were improved with the addition of 

the VMA. These more stable matrixes then carbonated much faster (which will be explained 

in detail in Chapter 5). Overall the standard deviation of the rapeseed samples was slightly 
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larger than the hemp samples however this was only slightly, and no significant change in 

standard deviation was noted with sample age. Finally, the addition of an additive yielded 

mixed results regarding its effect on the standard deviation of the concrete compressive 

strength and no clear trend could be observed. However, in all cases the standard deviation 

was minor as shown in the error bars in Figures 4.16 and 4.21.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.22 – Compressive strength of 28-day hemp concrete mixes found in the literature 

 

Figure 2.22 compares results from this study with the results from the literature 

(Elfordy et al., 2008; Nguyen, 2010; Arnaud and Gourlay, 2012; Le et al., 2014; Chabannes 

et al., 2015; Kashtanjeva et al., 2015; Page et al., 2015; Sonebi et al., 2015). Again, only the 

four chosen mixes are presented and only at 28 days (along with all other literature results 

at 28 days. The results clearly show the untreated hemp sample as being roughly average 

compared with results from the literature, stronger than some and not as strong as others. 

From there the effect of the aggregate change as well as the VMA is clear and very strong. 

Greatly increasing the strengths of the mixes not only in comparison to the untreated 

hemp, but also in comparison to the rest of the literature.  

 

4.8. Elastic modulus 

The elastic moduli of the concrete samples were calculated using the method 

proposed by Niyigena et al. (2016) and are presented in Figure 4.23 at (a) 7, (b) 28 and (c) 

90 days. As described in section 3 this test was conducted on 100ᴓ x 200 mm cylinders as 

opposed to the 50 mm cubes used in the compression testing. This was to allow a bigger 

range of movement for the bulk head between each strain value (1%, 2%, 3% and finally 
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20%). The tangent of each stress/strain curve for each loading cycle was taken as the 

tangential modulus and this method is called the floating modulus procedure (Niyigena, et 

al., 2016). 

The results have been split and presented in age categories and the y axis has been 

set to the same value for each graph to make the direct comparison of the results easier. 

The comparison between binders consistently reveals that the Vicat samples in all cases 

have a higher elastic modulus that is to say that they have a higher stiffness. When 

analysing this result in conjunction with Figure 4.16, a conclusion can be made that the 

hydrated lime generally was stronger but always more ductile. Although as mentioned in 

section 4.5 the hydrated lime being stronger was a less consistent result than it being more 

ductile. 

The addition of metakaolin was also studied and in all cases the partial replacement 

of whichever binder with metakaolin caused a reduction in elastic modulus. It should be 

noted that increased stiffness is not always a positive thing as it can led to the material 

being brittle and giving no early visual indication of issues i.e. cracking etc. which can then 

led to more damaging and permanent explosive failures. However, in the case of vegetal 

concretes due to the strength being so low in comparison to established building materials 

such as ordinary concrete, any increases in stiffness are a positive. 

The effect of VMA and linseed oil was also investigated, and it is found that the use 

of a VMA is highly effective at increasing the elastic modulus of the material, causing an 

increase in stiffness of 156% for hemp Vicat concrete as well as rapeseed Vicat samples 

after 7 days and 300% and 285% respectively after 90 days. As with the compressive 

strength results this increase was significant and is a positive result for the additive. The use 

of linseed oil also increased the elastic modulus, however was not as effective as the VMA. 

It can also be seen that the standard deviation of the results are also low. For all tests at all 

ages the standard deviation is fairly consistent and similarly the standard deviation of the 

compressive strength results did not appear to follow any kind of pattern. This could mean 

that any standard deviation observed in the results is simply natural variation, the peak of 

which was +/- 4.5 MPa for the 7-day rapeseed sample premixed with linseed oil. 

As expected, the elastic modulus of all the mixes increased with age. As with 

compressive strength the use of VMA or linseed oil caused the stiffness to increase at 

different rates, with VMA increasing the most followed by linseed oil and then to the 

untreated samples that almost increase linearly. As can be seen in Figure 4.23, the hemp 

VMA mix gained stiffness over time at such a rate that at 90 days it was actually stiffer 

compared to the hemp linseed oil mix which started with higher stiffness at 7 and 28 days. 
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Figure 4.23 – Elastic modulus of all mixes at (a) 7 days, (b) 28 days and (c) 90 days

(a) 

(c) (b) 
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Finally, the COVs of the elastic modulus results can be seen in Tables 4.12, 4.13 and 

4.14. 

 

Table 4.12 – COVs for elastic modulus results for all mixes at 7 days 

  Hemp Vicat Hemp Hydrated Lime Rapeseed Vicat Rapeseed Hydrated Lime 

U 9.2 28.6 23.5 26.6 

U MK 6.1 11.8 10.3 17.2 

VMA 10.8 25.8 15.0 15.8 

VMA MK 16.0 24.9 5.3 28.5 

Lin 17.4 7.4 24.0 19.9 

Lin MK 3.9 34.9 2.6 24.5 
 

Table 4.13 – COVs for elastic modulus results for all mixes at 28 days 

  Hemp Vicat Hemp Hydrated Lime Rapeseed Vicat Rapeseed Hydrated Lime 

U 7.6 2.4 16.1 30.3 

U MK 9.0 2.6 19.5 23.3 

VMA 5.4 3.0 10.7 2.5 

VMA MK 5.8 5.2 3.2 6.2 

Lin 5.6 3.3 11.8 2.4 

Lin MK 6.1 4.1 12.1 6.0 
 

Table 4.14 – COVs for elastic modulus results for all mixes at 90 days 

  Hemp Vicat Hemp Hydrated Lime Rapeseed Vicat Rapeseed Hydrated Lime 

U 4.4 18.0 6.4 11.3 

U MK 7.0 8.1 3.2 9.3 

VMA 4.1 2.4 7.0 10.7 

VMA MK 4.2 4.7 8.2 1.2 

Lin 3.6 1.1 6.9 4.2 

Lin MK 4.6 7.4 4.1 5.5 
 

As can be seen most of the mixes could be classified as having either good or very 

good representativeness. And there were more results that could only be classified as 

acceptable; particularly at the age of 7 days. Compared to the other variables tested and 

their COV results (compressive strength, water absorption, bulk density and thermal 

conductivity), it can be said that the elastic modulus property was the most variable. 

Several mixes resulted in unacceptable COV values (hemp hydrated lime linseed oil 

metakaolin at 7 days and rapeseed untreated hydrated lime at 28 days). This 

unpredictability in the results was a negative result and so was taken into account for the 

final mixes taken forward for durability testing. 
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4.9. Conclusions 

Table 4.15 gives all of the results of all of the experiments conducted on the vegetal 

concrete samples. The final column is the average position out of 24 for each mix across all 

of the experiments, and has been colour coded to illustrate their rankings (RS = rapeseed). 

Using Table 4.15, four mixes were chosen to proceed with for durability testing. 

The first thing that Table 4.15 illustrates is that the VMA mixes consistently 

performed better than the linseed oil mixes for both binder and aggregate types. Thus, the 

use of linseed oil was abandoned as overall the use of a VMA was much more effective. 

Also, the practical application of the linseed oil was also questionable. Whereas the VMA 

could be added straight into the mix at the mixing stage, the aggregate had to be premixed 

with the linseed oil 20 days in advance of mixing, which could be difficult in a real-world 

application. 

Secondly, it can be seen that the partial replacement of either binder with 

metakaolin either had a negative impact, or no impact overall, on nearly all of the mixes, 

for nearly all of the measured properties. Because of this, it too, was abandoned. 

Comparing the effect of the aggregate type, no clear pattern can be discerned. In 

some mixes the rapeseed aggregate produced better results overall (untreated Vicat and 

hydrated lime), however in others the use of rapeseed led to worse results overall (VMA 

Vicat and hydrated lime). Because of the mixed results, as well as the fact that the rapeseed 

aggregate is a novel aggregate. It was decided that some of the mixes would be 

manufactured with rapeseed as a comparative aggregate to hemp. 

Finally, the effect of binder type was very close. However, it was decided that given 

the large amounts of variables dealt with in this chapter, it would be more appropriate to 

use only one binder and allow more detailed research into these mixes given the 

constraints of time and finances. Of the remaining mixes that had not been eliminated 

already (hemp and rapeseed untreated, and hemp and rapeseed VMA) the average position 

of the Vicat equivalents was calculated to be 10.9, and the average position of the hydrated 

lime equivalents was calculated to be 11.9. So, the Vicat binder was chosen, and the 

hydrated lime binder was noted for further study in a future investigation. This was also 

why the unexpected water absorption results for the hydrated lime mixes were not further 

investigated.  

The four final mixes that were chosen were: hemp untreated, rapeseed untreated, 

hemp VMA and rapeseed VMA; all with the Vicat binder. 
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Table 4.15 – Summary table for all experiments conducted on all 24 vegetal concrete 

mixes 

Mix 
Water 
Absorption 
(%) 

Thermal 
Conductivity 
(W/mK) 

Compressive 
Strength 
(MPa) 

Elastic 
Modulus 
(MPa) 

Average 
Position 
out of 24 

Vicat 

Hemp 

Untreated 26.7 0.107 0.47 32.4 16.25 

Untreated 
MK 

39.8 0.098 0.35 20.8 
17 

VMA 7.3 0.121 1.25 97.1 6.5 
VMA MK 10.0 0.106 1.54 89.6 7.5 
Linseed Oil 3.9 0.114 0.51 63.3 10 

Linseed Oil 
MK 

4.8 0.103 0.36 61.2 
10.5 

RS 

Untreated 34.0 0.089 0.89 20.6 13.25 

Untreated 
MK 

36.1 0.092 0.91 20.8 
13.25 

VMA 16.2 0.100 1.46 50.2 7.75 
VMA MK 18.1 0.092 1.50 54.4 9 
Linseed Oil 7.0 0.136 0.74 46.7 12.75 

Linseed Oil 
MK 9.4 0.139 0.71 45.3 

15.25 

Hydrated 
Lime 

Hemp 

Untreated 41.0 0.102 0.68 29.5 15.5 

Untreated 
MK 

46.1 0.102 0.74 29.4 
15.5 

VMA 3.8 0.131 1.24 81.4 5.75 
VMA MK 6.9 0.118 1.71 81.4 6.25 
Linseed Oil 7.9 0.141 0.40 61.4 12.5 

Linseed Oil 
MK 12.6 0.111 0.42 59.1 

13.25 

RS 

Untreated 45.8 0.105 1.06 18.8 14.75 

Untreated 
MK 

51.0 0.091 1.22 19.1 
14.75 

VMA 9.9 0.136 1.45 47.4 11.5 
VMA MK 14.0 0.133 1.48 49.6 11.75 
Linseed Oil 12.8 0.158 1.32 46.6 13.25 

Linseed Oil 
MK 13.0 0.153 0.61 45.5 

17.25 
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Chapter 5: Carbonation 
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5. Carbonation 

5.1. Introduction 

As was summarised in the conclusions of chapter 4 the four mixes used in the 

weathering and carbonation testing in this project were hemp untreated, hemp VMA, 

rapeseed untreated and rapeseed VMA (all manufactured with the Vicat binder). The mixes 

were carbonated for six months in total. Outdoor carbonation was also studied as samples 

were left outdoors on the campus of Queen’s University Belfast, UK. 

 

5.2. Phenolphthalein testing 

Initially, this indicator was used, however, it was quickly realised that it was not 

effective in this application given the use of the VMA. The VMA used in this project was a 

polyacrylic acid, instantly reducing the accuracy and effectiveness of the indicator because 

the premise of the indicator works on the presumption that a reduction in pH is purely 

down to the carbonation of the material; which in this case was an assumption that could 

not be made. Adding the acidic VMA to the mix instantly lowered the pH of the matrix and 

whereas after 6 weeks the untreated samples were clearly uncarbonated according to the 

phenolphthalein test the VMA samples were carbonated (Figure 5.1). The 

thermogravimetric analysis (TGA) data clearly showed that this was not the case, and so it 

was decided to discontinue using the indicator due to its unreliability in this case. However, 

this was not seen as a major concern given that the phenolphthalein test is only an 

indicator test and the TGA provided a better, quantitative technique of analysing the 

samples.  

 

 

 

 

 

 

 

 

Figure 5.1 – Phenolphthalein test conducted on (a) hemp untreated and (b) hemp VMA  

samples after 6 weeks 
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5.3. Carbonation profile 

When discussing the carbonation of Vicat prompt natural cement, it is specifically 

the carbonation of the calcium hydroxide that is a result of the hydration reaction of the 

cement, as discussed in section 2.12.6. Presented in Figure 5.2 are the results for all of the 

mixes at 84 days are presented in Figure 5.2. Due to the fact that the same carbonation 

profile trends are present for all of the mixes in the carbonation chamber as control 

experiments the results for the other time intervals are omitted here and instead are 

included in Appendix D. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2 – Carbonation profiles of Vicat mixes after 12 weeks in the carbonation  

chamber (84 days control) 

 

Immediately, the variation in the carbonation profiles can be seen across the mixes 

and this makes it slightly more difficult to draw conclusions. What can be seen is that it 

tends to be the case that the samples that were stored in the carbonation chamber have a 

more equal gradient across the carbonation profile. In other words, the sample taken from 
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the outer edge of the sample has a similar percentage of calcium carbonate as the sample 

taken from the middle of the sample. In contrast, the control samples appear to 

consistently have a steeper gradient of percentage of calcium carbonate the further you 

progress into the specimen.  

The behaviour from the control samples is to be expected as carbonation is a 

mechanism that works from outside to in, the sample absorbs carbon dioxide from the 

atmosphere and carbonates on the surface first, slowly ingressing throughout the sample 

with time. Thus, there has been a combination of not enough time and too low a 

concentration of carbon dioxide for the carbonation to ingress to the centre of the sample 

in the given period. This is not the case, or at least is less of a concern, with the samples 

stored in the chamber. Because the chamber is able to regulate the amount of carbon 

dioxide in the atmosphere, the concentration is such that, combined with the high porosity 

of the material, carbonation has been able to ingress to the centre of the sample quickly; 

resulting in a more equal level of carbonation in the middle of the sample as the outside. 

Another aspect to this is the ability of the carbonation chamber to regulate the relative 

humidity of the environment, the chamber was set to a permanent 60% relative humidity 

for the duration of the experiment leading to a promotion of the carbonation reaction and 

quickening of the ingress. 

 

5.4. Carbonation development 

Presented in Figure 5.3 are the average carbonation results from across the cross-

section and how they develop throughout the course of the experiment. 

 

 

 

 

 

 

 

 

 

 

Figure 5.3 – Carbonation development in mixes from 28 days to 26 weeks 
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Figure 5.4 shows the DTG traces of the untreated samples at the end of the 

experiment. DTG data shows peaks where gasses have been released by the thermally 

degrading sample. For example, the first major peak seen in Figure 5.4 occurs around the 

100 – 110 °C mark and is due to the material dehydrating (losing water). Heating calcium 

hydroxide also produces water vapour. However, this time the water is chemically bound to 

calcium in the compound, and so a temperature of around 450 °C is needed to break it 

down. As can be seen in Figure 5.4, there was a small peak around the 450 °C mark. This 

must mean that not all of the calcium hydroxide in the sample has been carbonated and 

turned into calcium carbonate. However, it can be seen that all of the samples had been 

heavily carbonated by the end of the test, because the peak at 750 – 800 °C represents the 

carbon dioxide released when calcium carbonate is decomposed. When looking at the 

calcium hydroxide and calcium carbonate peaks quantitively together, there is a clear 

indication at how much of the calcium hydroxide had been converted. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4 – Derivative thermogravimetric data for untreated mixes after 6 months 

 

The untreated results in Figure 5.3 show that, in an almost linear fashion, the levels 

of carbonation rise as the experiment progresses, and would carry on rising with more 

time. This claim can be made because there is still a small peak around 450 ° for both of the 

untreated samples in Figure 5.4. The figure illustrates that the binders in the untreated 

samples are not fully carbonated. 

There is a large initial jump in the % mass of calcite (calcium carbonate) between 

the beginning of the test and the first round of testing (6 weeks) in the VMA samples in 

Figure 5.3. This indicates that the VMA samples carbonated very quickly; which is entirely 

possible due to the highly porous nature of vegetal concretes overall.  
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When analysing the DTG data for the VMA results, however, an issue arises. 

Because of the presence of the VMA it, too, will thermally decompose and it is the case that 

the decomposition temperature for polyacrylic acid is around 440 – 500 °C (Krusic et al., 

2004; Moharram and Allam, 2007). This means that as can be seen in Figure 5.5 it is 

impossible to know how much of the peak is due to the presence of calcium hydroxide and 

how much is due to the presence of polyacrylic acid. It could easily be the case that the 

VMA samples had fully carbonated but where there should have been no calcium hydroxide 

peak there was one “covering” it because of the presence of the VMA.  

 

 

 

 

 

 

 

 

 

Figure 5.5 – Derivative Thermogravimetric Data for untreated Mixes After 6 months 

 

Further evidence of carbonation in the VMA samples can be found when 

conducting Fourier transform infrared spectroscopy (FTIR) on the hemp and rapeseed 

particles taken from the carbonated samples (Figure 5.6).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6 – FTIR graphs for control and carbonated hemp and rapeseed VMA samples 
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The peaks of interest here are the peaks around 1420 and 875 cm-1; denoted by the 

arrows. These peaks signify calcite in the straw (calcium carbonate) and as can clearly be 

seen for both peaks, the carbonated samples are much taller in comparison with their 

respective control sample. This proves beyond doubt that the VMA samples carbonated 

and it also shows that over time the bio-aggregates themselves began to mineralise as 

dissolved calcic phases migrate into the aggregate cell wall and re-precipitate (Filho et al., 

2009; Magniont et al., 2012; Delannoy, 2018). These re-precipitated calcic phases can then 

be carbonated as any other and is reflected in the bio-aggregate FTIR results (Figure 5.6). 

Another technique that can be used to identify carbonation is XRD. It can be finally 

established in Figure 5.7 that both of the VMA samples fully carbonated very quickly.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7 – XRD traces for hemp and rapeseed VMA samples after  

the 1st round of testing (6 weeks) 

 

Table 5.1 – Summary of the abbreviations used in the XRD annotation 

 Calcite Quartz Larnite Ettringite 

Annotation Ca Qu La Ett 

 

The abbreviations used in the XRD trace annotations are presented in Table 5.1. It 

should be noted that only the main peaks of each component were annotated in the 

interest of clarity. Predictably, the XRD traces are similar for both concrete types and there 

was no evidence of any portlandite (calcium hydroxide) in either case. This means that by 

the first round of testing (6 weeks), both of the VMA concrete types had fully carbonated. 
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This explains the initial jump and then following plateau of the VMA samples in the 

development of carbonation levels in Figure 5.3.  

In the same figure, it can be seen that the carbonation levels of the VMA samples 

then fluctuated slightly after the initial rise at testing round 1 (6 weeks). However, these 

changes are minor and can be explained with the natural variability of the material and the 

fact that it is impossible to retest one cube multiple times. Preparing the sample for TGA is 

a destructive process, thus a batch of cubes were cast for each testing round. This meant 

that the fluctuations observed were to be expected as the results had to be obtained from 

different samples every round. 

Comparing these results to the literature is complicated. Firstly, there are limited 

studies to compare to and secondly, the methods used in the studies are different. The 

accelerated carbonation method used by this study and the studies conducted by Sentenac 

et al.(2017a, 2017b) used a constant atmospheric carbon dioxide method adapted from the 

British standards (BS 1881-210:2013, 2013). However, the experiment conducted by 

Chabannes et al. (2015) used a vastly different method (described in section 2.11.5) and 

involved flooding the atmosphere with carbon dioxide until it was 50 % CO2, waiting for it to 

be consumed, then topping it up.  

Presented in Figure 5.8 is the results graph taken from the Chabannes et al. (2015) 

publication, and the first thing that can be noticed is that one month of carbonation at such 

an elevated level of carbon dioxide exposure caused a drastically increased amount of 

carbonation in comparison to even the full 6 months of exposure in the carbonation 

chamber in this study. The lime-hemp mix in the Chabannes et al. (2015) study was 62% 

carbonated after 40 days of natural curing and 1 month of accelerated carbonation 

compared to 25% for the hemp untreated sample in this study (Figure 5.8). However this 

can be explained, as alluded to earlier, by the greatly increased concentration of carbon 

dioxide in the test container in the Chabannes et al. (2015) study. 

 

 

 

 

 

 

 

 

Figure 5.8 – Carbonation results from the literature (Chabannes et al., 2015) 
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Extrapolation is required to compare the results to the results of this PhD (Figure 

5.3), despite the fact that the materials and the mix compositions used in the two 

investigations were very similar. The Chabannes et al. (2015) investigation used hemp shiv 

as a control, as did this study, and also used rice husk. The Chabannes et al. (2015) 

investigation also used a natural hydraulic cement, as did this study. The mixture 

compositions were slightly different as whereas the aggregate:binder:water ratio used in 

this investigation was 1:2:3 the A:B:W ratio used in the Chabannes et al. (2015) 

investigation was 1:2:2 or 1:2:2.5. TGA analysis was conducted in this study at 1.5, 3, 4.5 

and 6 months so the most comparative time frames would be between 1 and 4 months 

from the Chabannes et al. (2015) study and 1.5 and 4.5 months from this study. It can be 

seen in Figure 5.8 that at the beginning of the test, the levels of carbonation are roughly the 

same between the hemp controls from the two studies however at the four month mark 

the samples from the Chabannes et al. (2015) study have begun to carbonate more; the 

hemp indoor control samples reaching around 27% compared to the untreated hemp 

control samples in this study that were only 20% carbonated. Even the equivalent hemp 

samples that were stored in the carbonation chamber in this study are not as carbonated as 

the controls in the Chabannes et al. (2015) study and the only explanation for this is the 

difference in chemical composition of the binders used in both investigations (composition 

of the Vicat binder using in this study can be found in Table 2.3). In the Chabannes et al. 

(2015) study, only the percentage of calcium hydroxide, dicalcium silicate and unburnt 

calcium carbonate are reported. As was reported in Table 4.2 in this investigation, the 

presence of other minerals was reported. Without knowing the exact compositions of the 

binders used by Chabannes et al. (2015), it is very difficult to compare the amounts of 

calcium carbonates that were found in the mixes. As if, for example, there were no 

aluminates or alumina-ferrites in the binder, a larger percentage of that binder would be 

able to be carbonated; possibly causing the skew in the results. 

 

5.4.1. Comparison with control samples 

Control samples (that were cured as described in section 3.5.2) were also cast for 

the purposes of the carbonation experiment and the results compared to that of the 

samples from the carbonation chamber; the results are presented in Figure 5.9. 
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Figure 5.9 – Comparison of carbonation level between test and control samples 

(a) rapeseed and (b) hemp (V = VMA) 

 

The figures show a clear trend for rapeseed VMA and both of the hemp mixes and 

that is that the elevated carbon dioxide environment of the carbonation chamber did 

indeed promote carbonation. However, as can be seen it was not by a drastic amount, 

especially for the untreated samples. It was also found that the carbonation levels of the 

VMA samples in the chamber were greatly different to the control samples. Especially when 

compared to both sets of the untreated samples. This indicates that adding a VMA to the 

mix caused an increase in sensitivity to carbonation; at least initially. The VMA samples in 

the carbonation chamber consistently had a much higher calcium carbonate content 

compared to its control counterpart, whereas the untreated samples did not. This supports 

the result from section 5.4 that the VMA samples could have fully carbonated very quickly, 

which would explain why the carbonation of the VMA samples plateaued thereafter. Unlike 

the untreated samples which continually rose throughout the test in a linear trend. 

The untreated samples follow the same trend, however not to the same level. 

Indeed, the untreated rapeseed sample did not exhibit this trend consistently. And at some 

(a) 

(b) 
HU HV 
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of the ages the control samples actually had a higher level of carbonation. This is down to 

the material porosity; the material is so porous that the carbonation mechanism can 

penetrate the samples even when they are in laboratory conditions. Further studies need to 

be conducted at elevated carbon dioxide levels to determine if this trend continues; the 

hypothesis being that with an increased level of carbon dioxide in the atmosphere of the 

carbonation chamber, the samples will carbonate noticeably more quickly than the control 

samples. It could also have been due to the fact that the relative humidity of the laboratory 

conditions was much less controlled, the vegetal concretes laboratory at Queen’s University 

Belfast is close to the laboratory mixing room which has an indoor hose for cleaning 

purposes. This means that often the humidity in the laboratory is high and could have 

impacted and promoted carbonation in the control samples. It is known that completely 

saturating the pores of the concrete samples inhibits carbonation. However, conditions of 

anywhere up to 80% RH promotes carbonation which is the reason the RH of the 

carbonation chamber was set to 60%. The optimum conditions for carbonation in vegetal 

concretes is currently unknown, and should be considered for future research. 

 

5.4.2. Outdoor carbonation 

Presented in Figure 5.10 is the comparative data for the percentage mass of 

calcium carbonate in the 28-day control samples and the samples that were exposed to the 

natural environment for 1 year. 

 

 

 

 

 

 

 

 

 

Figure 5.10 – Comparison of levels of carbonation at centre of sample between 28-day 

samples and outdoor samples 

 

It can be seen that a year’s worth of exposure has led to the mixes carbonating 

significantly. And according to the XRD data presented in this chapter, it can be stated that 

the rapeseed untreated, rapeseed VMA and hemp VMA samples were all fully carbonated. 
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As discussed before, there may have been a variability problem with the hemp untreated 

sample and the porosity may have been abnormally closed, leading to a slower carbonation 

rate. But with more time that sample would also have fully carbonated. It is interesting to 

note that carbonation is thought of as a very long-term mechanism in ordinary concrete; 

with it taking many years to fully carbonate an entire structure. This test was conducted on 

a relatively small sample of small cubes, however, because of the high porosity of the 

concrete carbonation is able to happen quickly in this material. 

When looking at the DTG data for the outdoor samples only the centre sample from 

the cube was used for clarity as this was the most extreme case. Presented in Figure 5.11 is 

the DTG data for the 2 untreated mixes. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11 – DTG data for outdoor untreated mixes 

 

The figure shows that it can be taken that the untreated mixes are fully carbonated. 

Around the 450 °C mark there is no indication of a peak representing calcium hydroxide. 

Thus, the levels of carbonation presented in Figure 5.11 as well as the compressive strength 

presented in section 5.7 are the final levels contributed to by carbonation. 
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Figure 5.12 – DTG data for outdoor VMA mixes 

 

The DTG data for VMA mixes presented in Figure 5.12 gives the same problems as 

the VMA mixes in the main element of the investigation. However, the XRD traces of the 2 

samples shows clear results and are presented in Figure 5.13. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.13 – XRD traces for hemp and rapeseed outdoor VMA samples 

 

As can be seen there is a total absence of any peaks representing portlandite. Once 

again it should be noted that only the main peaks for the constituent components were 

annotated and all of the other secondary peaks are representative of the compounds that 
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have been identified. This lack of portlandite, together with the dominant calcite peaks 

indicates that the VMA samples were fully carbonated; as were the untreated samples. 

 

5.5. The effect of carbonation on the sample masses 

The effect of carbonation on the material mass was also investigated. Figure 5.14 

presents the variation of mass of the samples as a function of time (weeks). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.14 – Variation in mass versus time 

 

As can be seen in Figure 5.14 the mass of the untreated samples (represented by a 

solid line) were relatively stable over the 6 months of testing. By the end of the test neither 

of the samples had diverged in mass more than plus or minus 2%. The expected result 

would have been that over time the specimens would get heavier. This is because as was 

previously discussed, calcium carbonate has a higher molar mass than calcium hydroxide 

(74 g/mol and 100 g/mol respectively). However, this is not shown to be the case here and 

the reason for this is the level of carbonation. As shown in Figure 5.4 the untreated samples 

had not fully carbonated by the end of the test and despite the fact that the VMA samples 

had fully carbonated they potentially would still have been undergoing a process of drying, 

at least during the initial part of the test. As was determined in Figure 4.6, section 4.3 the 

bulk density of the samples reduced as the samples aged. This is also the reason the mass 

of the samples decreased with time here. As can also be seen by the error bars the results 

were fairly variable, however it is important to keep in mind the scale of the y-axis. It 

appears overall that the untreated results were less variable and introducing a VMA into 



141 
 

-2

-1.6

-1.2

-0.8

-0.4

0

0.4

0.8

0 5 10 15 20 25 30

%
 C

ha
ng

e 
in

 S
am

pl
e 

Cr
os

s-
Se

ct
io

n

Weeks

RU

RV

HU

HV

the mix decreased the consistency of the results however the overall difference was not 

significant. As was observed throughout chapter 4, the use of the VMA seemed to increase 

the variance of the testing results. The reason for this is unknown and should be 

investigated in the future. 

 

5.6. The effect of carbonation on the material dimensions 

The effect of carbonation on the material dimensions was also investigated and the 

results are presented in Figure 5.15 with changes over the testing period. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.15 – The effect of carbonation on sample cross-section for all mixes 

 

The figure shows that carbonation, at least using these conditions, had a very small 

impact on the variation of the dimensions of the samples. The impact on the untreated 

samples especially was negligible. And at such small levels could be put down as 

insignificant, and was probably due to the compressibility of the material; which could 

easily have been compressed during the measurement using digital callipers. 

The VMA samples contracted slightly over the course of the test but only to a 

maximum of 1.78%. This again could have been due to the compressibility of the material 

and human error using the callipers, but also was probably due to the drying of the 

material. The addition of VMA has been shown to add hydrophobicity to the concrete. 

However also could lead to water being trapped for longer in the matrix as the same 

hydrophobicity that does not allow water to be absorbed would also not allow water to 
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leave. These tiny contractions could be explained by the very slow release of water vapour 

from the diffusion step of Equation 4.1. 

 

5.7. The effect of carbonation on the material compressive strength 

The effect of carbonation on the compressive strength of the mixes was also 

investigated, and plotted in Figure 5.16. The COVs for the compressive strength results can 

also be found in Table 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 5.16 – The effect of carbonation on compressive strength of all mixes 

 

As can be seen, overall, carbonation had a positive impact on the compressive 

strength on the mixes. The compressive strength of the VMA samples were significantly 

improved, adding further evidence to the hypothesis that adding the VMA to the mix 

increased sensitivity to carbonation. As with the mass results the addition of a VMA also 

caused an increase in standard deviation. The COVs of the results are presented in Table 5.2 

 

Table 5.2 – COVs for the effect of carbonation on compressive strength (%) 

  RU HU RV HV 

0 5.5 8.7 2.2 4.1 

6 17.8 3.6 6.0 19.7 

12 11.6 7.0 5.2 14.6 

18 6.8 11.7 9.8 10.8 

26 5.7 18.2 14.1 2.6 
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As can be seen all of the results returned a COV of less than 20 %, so achieved good 

representation. Many of the results returned less than 10 % coefficient of variation (very 

good), and so the results can be considered to be representative 

Despite the fact that on the surface it looks as if carbonation has aided the 

compressive strength of the untreated mixes it actually has inhibited the compressive 

strength development when considering the strength development of the control samples. 

This result contradicts the common knowledge that carbonated concretes are stronger than 

uncarbonated concretes. This is confirmed when the difference in the results of the 

compressive tests between the tested and control samples are plotted as a percentage 

(Figure 5.17). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.17 – Percentage difference in compressive strength between tested and control  

samples for all mixes 

 

This figure clearly shows that the carbonation chamber improved the compressive 

strength of the VMA samples compared to their equivalently aged control samples however 

the trend is reversed for the untreated samples. This is a peculiar result and is something 

that needs to be researched further. SEM imaging was conducted to try and explain this 

however the technique was not able to elucidate the problem.  

SEM imaging was taken of the carbonated samples at the end of the carbonation 

period in the chamber and are presented in Figure 5.17. Figure 5.17 illustrates that the 

microstructure of the carbonated samples is similar to the microstructure of the equivalent 

samples at 28 days reported in chapter 4, section 4.6. The porosity of the samples did not 
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significantly change as the samples became more carbonated and this is verified by the 

density data that was determined using both Figure 5.14 and Figure 5.15 

 

 

 

 

 

 

 

 

 

(a)                                                                          (b) 

 

 

 

 

 

 

 

 

 

              (c)                                                                                   (d) 

 

Figure 5.18 – SEM images of (a) hemp untreated, (b) hemp VMA, (c) rapeseed untreated  

and (d) rapeseed VMA 

 

A phenomenon that can be detected using the SEM imaging is the beginnings of the 

mineralisation of the bio-aggregates (indicated by the arrows in Figure 5.18 and more 

explicitly in Figure 5.19).  
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Figure 5.19 – Evidence of mineralisation of vegetal aggregates in carbonated hemp VMA 

sample 

 

Similar cases of bio-aggregate mineralisation were reported in untreated samples 

that had been stored in laboratory conditions for 2.5 years by Magniont (2012) (Figure 

5.20).  

 

 

 

 

 

Figure 5.20 – Evidence of aggregate mineralisation (Magniont et al., 2012) 

 

When comparing the compressive strength results to the strength results from the 

literature, comparison is difficult as with the percentage of carbonation literature 

comparison in Figure 5.8, section 5.4. When looking at the Sentenac et al. (2017a, 2017b) 

studies, different mixes were tested regarding carbonation and afterwards compressive 

strength testing was conducted at 9 weeks. After 9 weeks of accelerated carbonation, the 

compressive strength of the untreated hemp mix was reported to be only 0.18 MPa, much 

lower than even the 6-week compression test results from the untreated hemp mix from 

this study. The testing method used in the Sentenac et al. (2017a, 2017b) study was the 

same method that was used in this study and so the difference here can be explained by 

mineralisation 
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the difference in density between the sets of samples in the two studies. The average 

density of the untreated hemp samples was reported to be 374 kg/m³ and 335 kg/m³ in the 

Sentenac et al. (2017a, 2017b) studies and 532 kg/m³ and 454 kg/m³ in this investigation. 

As is the case with vegetal concretes, increased density results in increased compressive 

strength.  

Presented in Figure 5.21 are the compressive strength results from the Chabannes 

et al. (2015) study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.21 – Carbonation strength development results  

from the literature (Chabannes et al., 2015) 

 

Looking at the compressive strength results in Figure 5.21, it can be seen that the 

highly elevated level of carbon dioxide exposure during the accelerated carbonation test 

has resulted in a large increase in compressive strength; for hemp samples nearly the same 

increase as 10 months of outdoor exposure. The 6-month results in this study are more 

comparable to the 10-month experiment samples, however are still weaker. This is most 

likely due to the test length. The samples in this PhD study were left in a mild carbon 

dioxide environment for 6 months compared to 10 months in the Chabannes et al. (2015) 

study.  
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5.8. Effect of outdoor carbonation on compressive strength 

As was established in section 5.4.2 leaving samples outdoors for a full year resulted 

in the samples completely carbonating. All of the samples developed strength; however, 

the strength was developed at different rates.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.22 – Comparison of 28-day control samples and outdoor samples regarding  

compressive strength 

 

The hemp samples gained more compressive strength over time as the hemp 

untreated samples gained approximately 74% strength and the hemp VMA samples gained 

82% strength. In contrast, the rapeseed samples gained less over time with the untreated 

sample gaining 26% and the VMA sample gaining 22%. So, the increases between the two 

mixes of the same aggregate types was fairly consistent, but the hemp samples gained 

much more compressive strength and improved more with the carbonation than the 

rapeseed samples.  

Regarding variance, the 28-day control samples were more consistent when 

considering compressive strength results when compared with the outdoor samples. 

However, this is natural as the outdoor samples were exposed to the variables of outdoor 

weather for 1 year. And in either case, it should be noted that the results were fairly 

consistent; which is a positive for the normally variable vegetal concretes. 

The fact that the outdoor samples gained significant compressive strength in 

comparison to the control samples is explained using SEM imagery in Figure 5.23.  
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(a)                                                                               (b) 

 

 

 

 

 

 

 

 

 

(c)                                                                                (d) 

 

Figure 5.23 – SEM images taken from (a) hemp untreated, (b) hemp VMA, (c) rapeseed 

untreated and (d) rapeseed VMA samples stored in outdoor conditions for 1 year 

 

Here it can be seen that the microstructure of the samples is considerably different 

from the microstructure of the untreated samples. Firstly, the microstructure appears to be 

much less porous than the 28-day control samples reported in chapter 4, section 4.6. 

Mineral migration and reprecipitation was observed by Magniont (2012) and it is thought to 

be due to the fact that calcium hydroxide can dissolve in in the interstitial solution located 

in the pores of a material. The mineral can then migrate and reprecipitate when the water 

content decreases (Delannoy, 2018). This migration of the portlandite is a possible 

mechanism for the closing of the porosity of all of the outdoor samples. As the material is 

exposed to rain; unhydrated portlandite can dissolve and is free to potentially migrate.  

There is also strong evidence for the mineralisation of the vegetal aggregates in all 

four of the mix types (indicated by white arrows). This phenomenon would strengthen and 
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stiffen the aggregates and is the reason, along with carbonation, that the materials got 

significantly stronger when they were stored outdoors.  

Finally, the outdoor compressive strength results from this PhD are comparable to 

those from the Chabannes et al. (2015) investigation and also confirm it. The outdoor 

samples in that study were tested after 10 months and the strength results are presented in 

Figure 5.20. In the Chabannes et al. (2015) study 10 months of outdoor exposure resulted in 

a compressive strength of 1 MPa whereas a 12 month outdoor exposure in this study 

resulted in a compressive strength of 0.82 MPa. This is much more comparable than the 

carbonation chamber results presented earlier in section 5.7. 

 

5.9. Conclusions 

During carbonation testing it was observed that in general, the samples stored in 

the carbonation chamber resulted in an equal amount of carbonation across the 

carbonation profile. In contrast, the samples that were stored in laboratory conditions 

resulted in elevated levels of carbonation on the outside of the samples and lower levels of 

carbonation across the rest of the sample. The high porosity of vegetal concretes as well as 

the elevated atmospheric carbon dioxide provides an explanation as to why the samples in 

the carbonation chamber were carbonated so equally across their profile. 

Overall, across time the carbonation levels of the samples rose throughout the test 

when the specimens were stored inside the carbonation chamber. The trends were linear 

for the untreated samples; however, this was not the case for the VMA samples.  

In comparison with the control samples it was found that at all ages both of the 

VMA mixes were vastly more carbonated in the carbonation chamber compared to their 

control counterpart. This evidence supports the hypothesis that the hemp samples were 

able to fully carbonate quickly and so plateaued in their carbonation development, whereas 

the rapeseed samples could not. And instead, the carbonation levels of these samples 

continually rose throughout the duration of the experiment in a linear fashion. This, too, is 

supported when looking at the control results as there is not a lot difference between the 

carbonation levels of the chamber samples and the control samples for the same time 

period. The exception was at the end of the experiment at which point the experiment had 

been running for 6 months. This is intuitive as carbonation is a relatively gradual 

mechanism and so the greatest differences between the carbonation and control samples 

would be expected to be at the end of the experiment. 

The outdoor carbonation results revealed that the untreated samples were fully 

carbonated after a year of natural carbonation. This conclusion cannot be so definitively 
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drawn for the VMA samples. However, it can be stated with a degree of certainty because, 

as was shown by the other tests, the VMA samples carbonated far quicker than the 

untreated samples. This results in the conclusion that the VMA samples were also fully 

carbonated after a year of natural outdoor carbonation. Also, in all cases the average 

compressive strength of the samples increased in comparison with the 28-day control 

samples of the same mix. 

In all cases the carbonation of the vegetal concrete led to an increase in 

compressive strength. However, when compared to the control samples it was found that 

the carbonation of the untreated samples actually inhibited the strength development of 

the material. It was determined that the test was not extreme enough, and if the test was 

conducted again either the test had to go on for longer, or at a higher concentration of 

atmospheric carbon dioxide more akin to the Chabannes et al. (2015) study. In contrast, the 

compressive strength of the VMA samples after accelerated carbonation in the carbonation 

chamber increased when compared to the untreated samples; further evidence that the 

addition of a VMA into the mix increases the sensitivity of the vegetal concrete mix to 

carbonation.  

Regarding the mechanism itself, it can be concluded that carbonation in vegetal 

concretes is not a concern (as it is in the case of ordinary reinforced concrete), and is 

actually something that benefits the material. The increase in strength, given to the matrix 

by the mechanism is a positive, and works to counteract one of the biggest issues currently 

facing vegetal concretes. 
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Chapter 6: Immersion and Leaching 
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6. Immersion 

6.1. Introduction 

This section investigated the effect of weathering (full and partial immersion) on 

vegetal concretes. Natural outdoor weathering was also studied and the results will be 

presented here.  

 

6.2. Full immersion test 

6.2.1. Mass gain 

The full immersion test was conducted over a period of roughly 9 months 

(depending on the cycle lengths discussed in section 3.9.1). Figure 6.1 presents the mass 

change results of the concrete mixes as the experiment progressed. It should be noted that 

the dry masses are excluded in the figure here, as the differences with each cycle were 

negligible; and can instead be found in Appendix E. 

As can be seen for both cases (untreated and with the VMA additive), the results 

are very close. As a percentage of the original mass recorded at the start of the test, the 

hemp samples seemed to gain the most mass in the initial part of the test. However, 

towards the end of the test the rapeseed samples began to gain similar amounts of water. 

And indeed, the untreated samples gain more mass consistently from roughly cycle 12 

onwards. This can be explained using the scanning electron microscopy images that were 

taken of the samples after the test had concluded at 20 cycles (Figure 6.2).  

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1 – The effect of aggregate type on mass change per cycle over time with  

regards to full immersion weathering 
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Figure 6.2 illustrates the differences in the microstructure of the two concrete 

types (hemp untreated and rapeseed untreated). It can be seen that considerable damage 

has been caused to the microstructure and a lot of the binder has been washed away in 

both cases with the wetting and drying cycle. However, this effect is more severe for the 

rapeseed samples. With the increase in voids, a greater increase of volume is available to 

be filled with water in the next absorption cycle. And if more water can be absorbed, the 

mass of the specimen would be heavier. Thus, as more damaged is sustained by the 

concrete matrix, the heavier the specimen will become with each passing absorption step 

throughout the test. 

 

 

 

 

 

 

 

 

 

Figure 6.2 – SEM images of untreated hemp (left) and untreated rapeseed (right) samples  

after the full immersion test had concluded 

 

Figure 6.2 has been annotated to illustrate the different components that were 

studied. The parts that are of interest for this section of the project are the voids in the 

microstructure. It can be seen that the untreated hemp mix shows clear signs of damage. 

With a large void in between the two shiv particles, and another considerable void along 

the other side of the smaller particle of hemp. There are also voids exhibited within the 

mineral binder matrix in the image, yet this loss of binder is nowhere near as severe as in 

the rapeseed image.  

In Figure 6.2 (rapeseed) there is again a large amount of evidence of voids 

appearing near the aggregate; weakening the interfacial transition zone (ITZ). In addition to 

this a large amount of binder appears to have been washed away in the bottom left corner 

of the image. This washing away of the binder is discussed further later on in this chapter. 

The evidence of these voids explains the larger relative rise in mass gained of the 

rapeseed samples compared to the hemp samples. As the pores in the concrete matrix are 

Binder 

Void 

Aggregate 

Binder 

Aggregate 

Void 

Void either side 
of shiv 
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widened due to cracking or binder being washed away, the porosity would increase which 

allowed more space to be filled by water during the weathering test. 

The effect of the VMA on both of the aggregate types was also compared. For both 

aggregate types it is clear that the use of a VMA reduced the amount of mass gained. The 

reason for the reduction in water absorption of the concrete samples as discussed in 

section 4.5, and is due to the reduction in porosity of the material. The reduction in voids 

also reduces the total amount of water that can be absorbed by the VMA samples; which is 

reflected in Figure 6.1. Although, it should be noted that also in both cases for the full 

immersion weathering test, the VMA samples increased the amount of weight gained as 

the test progressed at a much faster rate than the untreated samples. A conclusion that 

could be drawn is that the VMA samples are more susceptible to the pore widening effect 

discussed in the previous paragraphs (binder washing away and void propagation), 

although the precise reason for this is unclear and is something that should be studied 

further. It could be the case that the increase in amount of water absorbed (and so increase 

in pore widening and crack propagation due to the binder being washed away with passing 

immersion/drying cycles), was because the matrix and the ITZ of the VMA samples had 

been repaired because of the VMA. This would result in a greater potential to damage the 

matrix and ITZ and return it back to the state it would have been in without the addition of 

a VMA. This is supported by the SEM imaging that was conducted on the samples. Figure 

6.3 shows a comparison of all the mixes after the full weathering testing had concluded 

with all of the 28-day control samples of the mixes. 
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Figure 6.3 – SEM imaging of 28 day control samples (top line) and mixes after 20 cycles of 

the full immersion weathering test (bottom line) 

 

Figure 6.3 illustrates that despite the fact that the untreated samples were heavily 

affected by the full immersion weathering test, crack propagation and pore widening in the 

VMA samples was even worse (voids denoted with white arrows). This effect was probably 

observed because the initial strengthening and improvement in the vegetal concrete’s ITZ 

(discussed in chapter 4) made it so that severe loss and damage was possible (detailed 

above). However, the structure of the VMA samples was still intact by the end of the 

experiment, analogous to the VMA samples degrading throughout the experiment to a 

similar state that the untreated samples started in.  

 

6.2.2. Sample swelling 

In addition to taking the mass of each sample before every wetting and drying 

cycle, the volume was also taken. Presented are the results of the changes in cross-

sectional area of the samples as the test progressed. It should be noted the results in the z 

axis are not presented as the top of the sample was expectedly not flat as it was the 

exposed face during casting. This made the height an unreliable measurement as it varied 

slightly across the sample. Thus, the swelling was considered for the flat-edged cross-

sectional area only. 

 

 

 

HU HV RV RU 
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Figure 6.4 – Effect of VMA and aggregate type on cross-sectional swelling of concrete 

samples  

 

Figure 6.4 shows the cross-sectional changes due to weathering over time. The first 

thing to notice is that overall; all of the samples lost area. Even if the changes were only 

small (in the range of 0.25 to 2.5%, equal to 25 – 250 mm²), for a 100 mm³ cube if this is 

scaled up to a real-life application of a house, a problem could arise. It is conceivable that 

an element of any of the studied samples could be fixed or glued between 2 other elements 

and shrinking like this could cause the build-up of internal stresses as the element shrinks, 

and tries to pull away from its fixings. This potential concern would be more for the VMA 

samples compared to the untreated samples which reduced in area more. Although, it 

should be kept in mind that this 2.5% loss of area was the end product of an extreme test 

over a long period of time, so the size of this concern could potentially be studied further 

and adjusted accordingly. 

Also, it can be seen that differences between the two aggregate types was 

relatively small.  The rapeseed samples shrank less than the hemp samples in both the 

untreated and VMA mixes. Finally, it was observed during testing that towards the end of 

the experiment the untreated samples started to become extremely soft, which impacted 

on the swelling measurements. This can be seen in Figure 6.4 as from cycle 16 onwards the 

defined pattern of swelling during the wetting stage and shrinkage during the drying stage 

was lost, or at least was much less defined. In contrast, the swelling and contraction 
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remained throughout the end of the test for the VMA samples, also partially illustrating 

their better resistance to weathering. 

 

6.2.3. Compressive strength degradation 

Finally, the compressive strength degradation of the samples was monitored at 

periods throughout the experiment and the results are presented in Figure 6.5. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5 – Compressive strength development of concrete mixes during the weathering 

test 

 

Initially, it appears to be seen that after 20 cycles, the compressive strength of the 

VMA samples significantly reduced compared with the untreated samples. However, as 

percentages the VMA samples lost on average 41% and the untreated samples lost 45%. 

This reveals that as percentages the amount of compressive strength lost was 

approximately the same between the VMA and untreated samples. Again, as discussed in 

section 6.2.1, this is due to the weakening of the ITZ, propagation of cracks in the 

microstructure and increase in material porosity.   

Despite the fact that the untreated and VMA samples lost similar amounts of 

strength as a percentage, in terms of raw numbers the VMA samples still did lose significant 

amounts of strength. And this can be explained using the SEM images presented in Figure 

6.3. The washing away effect of the binder from the samples and the pore widening was a 

phenomenon that more severely affected the VMA samples because the ITZ of those 

samples had been improved so dramatically to start with as was explained in section 6.2.1. 

It was observed that the VMA samples lost a larger amount of compressive strength as a 
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raw number in comparison with the untreated samples, however still end up with a higher 

compressive strength (and better quality microstructure overall). 

The coefficient of variance (COV) was calculated for all of the compressive strength 

averages, for all mixes at each interval and the mean results for each mix are presented in 

Table 6.1. 

 

Table 6.1 – Coefficient of variance values for all mixes 

 RU HU RV HV 

COV 10.2 10.4 11.7 12.5 

 

As can be seen the results for all of the mixes were fairly variable. The COV for all of 

the mixes was over 10 %, however these results can still be considered representative as 

the test was conducted over a long period of time and was studying a degradation 

mechanism and all of the COVs were less than 15 %.  

 

6.3. Partial immersion 

As has been described previously, this test was a less severe test and was also 

conducted on the samples; one that is more realistic to a real-life simulation. This test was 

also a long-term test of the materials resistance to degradation through water absorbed by 

capillary action only, as opposed to a straightforward water absorption test.  

 

6.3.1. Mass gain 

It was established in chapter 4 that over the first 24 hours the rapeseed samples 

absorbed more water compared to the hemp samples. However, as can be seen in Figure 

6.1, when the samples are taken to their saturation limits the total amount of water 

absorbed as a percentage was very similar between the mixes. This is also indirectly 

supported by the data in section 4.4, as it was found that the IRA of the rapeseed samples is 

much higher than the hemp samples, however the coefficients of absorption were the 

opposite. Therefore, it must be concluded that although over the first 24 hours of water 

absorption the rapeseed samples are more hydrophilic, the total hydrophilicity is almost 

equal between the two aggregate types when the full saturation limits are taken into 

account.  

This is pertinent to Figure 6.6, which presents the mass gain data of the partial 

immersion test, with regard to the results showing that the untreated rapeseed samples 

consistently absorbed more water compared to the untreated hemp samples. An early 
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hypothesis to explain this is that the capillary forces in the rapeseed concrete were stronger 

when compared to the hemp samples (discussed further in Chapter 7), as the samples were 

absorbing water through capillary action only. It is established that the rapeseed aggregate 

on its own is more hydrophilic, and that to the full saturation limits the two materials are 

close to being the same. Thus, it must be the capillary forces acting on the water and 

drawing it up through the concrete that are causing these partial immersion results.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.6 – The effect of mix type on mass change per cycle over time with  

regards to partial immersion weathering 

 

Similar to the full immersion test, the VMA greatly reduced the amount of water 

absorbed, however this time it is true to say that VMA reduced the amount of water 

absorbed through capillary action only. This effect was much more severe for the hemp 

samples than the rapeseed samples.  

Similarly, a significant increase in mass of water absorbed can be observed by the 

VMA samples compared to the untreated samples. This consistently points to the VMA 

samples losing their effectiveness at resisting the pore-widening effect and can be seen. 

This effect can be decisively demonstrated using SEM imaging which is presented in Figure 

6.7. 
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Figure 6.7 – SEM imaging of 28 day control samples (top line) and mixes after the 

conclusion of the partial immersion weathering test (bottom line), arrows denote voids 

 

The effect of partial immersion on the microstructure of the vegetal concretes was 

similar to the full immersion samples. It can be clearly seen that before the experiment 

began, the microstructure of the VMA samples was greatly aided by the polyacrylic acid 

(discussed in chapter 4); however, at the end of the experiment the microstructure of the 

VMA samples had sustained considerable damage (voids denoted with white arrows). In 

comparison, the microstructure of the untreated samples was in a poor condition at the 

end of the test; however, it was also in poor condition to start with. This elevated rate of 

degradation exhibited in the VMA samples is reflected, as with the full immersion 

experiment, in the mass gain results. The two sets of results are linked because damage is 

sustained in the sample binder matrix as the binder is washed away, thus allowing more 

water to be absorbed in the next cycle as there was a bigger volume of voids. The VMA 

samples initially absorbed much less water than the untreated samples. However, as 

degradation advanced throughout the test, the amount of water absorbed by the VMA 

samples increased. 

 

RV HV RU HU 
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6.3.2. Sample swelling  

The changes to the cross-sectional area of the samples are presented in Figure 6.8. 

As with the full immersion results, the z axis measurements are omitted due to their lack of 

reliability.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.8 – Effect of VMA and aggregate type on cross-sectional swelling of concrete  

samples in the partial immersion test 

 

The first thing that can be noted is that overall, as with the full immersion test, all 

of the samples appeared to shrink over the course of the test, or at least swelled less during 

wetting as the test progressed. The overall change from the original cross-section is also 

much less when compared to the full immersion test, with a maximum contraction of only 

1%. Indeed, the untreated hemp samples ended the test with an average cross section less 

than 0.1% different from the average cross-section at the beginning; a negligible difference. 

Finally, evidence shows that there was no break in the swelling and contraction pattern of 

the samples during the test. That is to say that the samples were still intact and remained 

solid throughout the experiment. 
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6.3.3. Compressive strength degradation 

The compressive strength degradation of the samples was also monitored and are 

presented in Figure 6.9. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.9 – Compressive strength degradation of samples during the partial immersion 

test 

 

It can be seen in Figure 6.9 that similar to the full immersion test, the compressive 

strength of the untreated samples was not affected at all. However, it should be stated that 

the development of the compressive strength as an upward trend seen in Figure 4.16 in 

section 4.7 is inhibited completely also. It is simply the case that the strength neither 

significantly decreased nor increased over time.  

However, as with the full immersion test, the strength of the rapeseed VMA 

samples degraded over time. The compressive strength of the rapeseed VMA sample drops 

from around 1.15 MPa to 0.8 MPa (70 % of the original). This is due to the pore widening 

effect as a result of crack and micro-crack propagation in the binder matrix and weakening 

of the ITZ.  

On the surface of it a peculiar result can be seen for the hemp samples, as the 

strength of the samples at the end of the test averaged around 1.35 MPa compared to 1.25 

MPa at the beginning (1.08% of the original). This shows that the hemp VMA samples got 

stronger, but this can clearly be seen to have happened between the 1 and 10 cycle mark. It 

is clear that water degradation due to capillary forces alone was not severe enough to stop 

the matrix developing strength as it normally would in laboratory conditions. However, 



163 
 

after the 10 cycle mark the degradation seen in the other VMA samples resumes with the 

average strength degrading from around 1.73 MPa to 1.35 MPa (78% of the original).  

A potential reason for the compressive strength developing and not degrading in 

the hemp VMA samples in the early stages of the test was possibly linked to the pore 

widening effect, and can be ascertained in the data for the mass of water absorbed with 

each cycle (Figure 6.6). At the beginning of the test for the hemp VMA samples, the rate of 

mass of water absorbed did not especially change, particularly in the early stages when the 

samples gained the most strength. The rate increased slightly between cycles 5 and 10, 

however did not really take off until after cycle 10. The rate of increase in amount of water 

absorbed increased drastically between cycles 10 and 20 coinciding with the compressive 

strength degrading from there until the end of the experiment. This reason can be given 

with confidence, as the material dimensions remained very similar throughout the wetting 

and drying parts of the test, however the mass of water absorbed increased. This must 

mean that the internal voids in the system were widening to accommodate more water 

during the wetting/absorption cycles. And as has been discussed, the increase in void size 

and mass of water being absorbed is also a signifier of damage being done to the binder 

matrix, resulting in a decrease in compressive strength. 

Finally, the COVs were calculated for all of the results at each interval, and the 

mean COV for each mix is presented in Table 6.2. 

 

Table 6.2 – COVs for all partial immersion results 

 RU HU RV HV 

COV 8.2 13.1 12.3 5.5 

 

As can be seen in Table 6.2, the untreated rapeseed and hemp VMA results were 

not very variable at all which is a positive. However, the COVs of the untreated hemp and 

rapeseed VMA mixes were high. Although, given the length and nature of the test, the fact 

that the COVs were less than 15 % can be considered acceptable. 

 

6.4. Comparison of full and partial immersion 

Comparison of the full and partial immersion experiments was also investigated, 

with the hypothesis that as the partial immersion test was a less severe test, the 

degradation itself would be less severe. 
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6.4.1. Mass gain 

The comparative results of the full and partial immersion tests for the hemp and 

rapeseed mixes are presented below in Figure 6.10. It can be seen that, in most cases, the 

amount of water that was absorbed by the equivalent partial immersion samples was lower 

than the full immersion samples, which was to be expected. However, over the course of 

the experiment the partial immersion samples gained mass from water at an increased 

rate. Until finally, at the end of the test, the full immersion and partial immersion mass gain 

results were almost the same. It would be presumed that the partial immersion samples 

would need longer to reach the same saturation limit as the full immersion samples, 

because it is a less extreme test. However, this is proven to not be the case, and absorption 

due to capillary action alone against gravity (vertical absorption only) is enough to fully 

saturate the samples. The similar completion time of the inter-granular saturation time 

sounds surprising, and will be explored further in chapter 7. The only outlier to this is the 

rapeseed untreated samples, where at the end of the experiment the partial samples 

absorb around 20 % more mass of water than the full immersion counterparts. However, 

the pattern that these results are achieved is the same as the other mixes (full immersion 

samples with a slower increase, initially absorbing more. And the partial immersion samples 

a sharper increase in amount of absorption). The difference must lie in the porosity, the 

untreated rapeseed samples must have had a higher porosity to begin with, as the amount 

of water absorbed my mass is much closer after one cycle for rapeseed untreated samples. 

This means that when the partial immersion samples sharply increase the amount of water 

that they absorb (as do the other mixes), the partial immersion samples overtake the full 

immersion samples, instead of simply catching up to them (as do the other mixes). 

The data indicates that wetting the samples in one direction only has a larger 

capacity to wash away binder and open voids in the matrix compared to fully submerging 

them. At least this must be the case at the early age. Either that, or initially, the cycle 

lengths that were used for the partial immersion tests were not long enough to fully 

saturate the samples. The samples lengths were determined using the full immersion test 

method, and then was adopted for the partial immersion testing to allow direct 

comparison. Further testing may need to be considered to allow consideration for 

alternative cycle lengths for the partial immersion testing to investigate if the mass of water 

absorbed gradient is shallower (and more like the gradient of the full immersion tests). It 

could easily be the case that both of the reasons are true, and as the test progressed binder 

was washed away, allowing the capillary network to connect up and become more open. 
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This in turn would allow the water to more easily penetrate the concrete specimens from 

the bottom face only, and fully saturate the sample. 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.10 – A comparison of the full and partial immersion test results for (a) rapeseed 

samples and (b) hemp samples regarding mass gain 

 

As was discovered in Chapter 4, the rapeseed samples consistently absorbed more 

water compared to the hemp samples. And the addition of a VMA caused a significant 

reduction in the amount of water absorbed compared to their untreated counterparts. 

(a) 

(b) 
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SEM imaging can be used to explain the differences in effects between the full and 

partial immersion tests and is presented in Figure 6.11. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.11 – SEM imaging of full immersion test samples (top line) and partial immersion 

test samples (bottom line) after testing had been completed 

 

Figure 6.11 illustrates that both of the methods opened significant voids in the 

sample matrices. And overall, the damage that can be seen between the full and partial 

immersion tests of the same mix type is similar, if not less for the partial immersion test 

samples because it was a less extreme test. This is why the amount of water absorbed is 

similar, if not less, for the partial immersion samples as can be seen in Figure 6.10 (apart 

from untreated rapeseed). 

 

6.4.2. Sample swelling 

A comparison was also made between the full immersion and partial immersion 

tests with regards to sample swelling. The results are presented in Figure 6.12. 
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Figure 6.12 – A comparison of the full and partial immersion test results for (a) rapeseed 

samples and (b) hemp samples regarding changes in cross-sectional area 

 

In Figure 6.12, the partial immersion results are represented with a dotted line and 

the full immersion results by a full line. In all cases it can be seen that the partial immersion 

tests result in less overall shrinkage over time than the full immersion results. This is due to 

the fact that water was being absorbed through only one face of the sample for the partial 

immersion specimens, as opposed to all six for the full immersion samples. However, the 

difference was not too significant, with the full immersion hemp VMA samples shrinking by 

2.5 % more than the partial immersion samples. It was also argued previously in this 

chapter that the partial immersion test is the more realistic test regarding real world 

application. And so, observing the partial immersion samples only minimally shrinking is a 

positive. 

 

(a) 

(b) 
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6.4.3. Compressive strength degradation 

Finally, the two test setups were compared with regard to the degradation of 

strength within the tested samples; presented below in Figure 6.13. Again, the partial 

results are represented by dotted lines in comparison to the full immersion results which 

are represented by full lines. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.13 – A comparison of the full and partial immersion test results for (a) rapeseed  

samples and (b) hemp samples regarding strength degradation 

 

The trend for the comparison between full and partial immersion with regards to 

compressive strength degradation was clear; in all cases the partial immersion tests 

resulted in lower compressive strength degradation, as was expected. And this is simply 

because the partial immersion test was a less extreme test. And despite, as was illustrated 

in Figure 6.10, the amount of water that was absorbed by the partial immersion test 

samples nearly equalled that of the full immersion test samples by the end of the test. The 

(a) 

(b) 
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fact that the samples were not fully submerged meant that the structural integrity of the 

samples was upheld better as the test progressed to its latter stages.  

 

6.5. Outdoor weathering 

In addition to the two indoor simulations of weathering, samples were also left 

outside in natural conditions for a year and exposed to natural weathering. The testing was 

conducted in Belfast, Northern Ireland and the weather conditions for the year are 

presented below in Table 6.3. The statistics presented are from the Met Office, the UK’s 

national meteorological service. 

  

Table 6.3 – Weather statistics for Northern Ireland during the outdoor testing (Met Office, 

2019) 

 
Oct-

17 
Nov-

17 
Dec-

17 
Jan-

18 
Feb-

18 

Ma
r-

18 
Apr-

18 
May

-18 
Jun-

18 
Jul-
18 

Aug-
18 

Sep-
18 

Mean Temp 
(°C) 10.8 5.8 4.7 3.9 2.9 3.9 7.9 11.8 14.9 

15.
8 14.4 11.5 

Rainfall 
(mm) 105.7 

112.
8 116.1 

170.
9 74 

85.
8 80.9 58.3 49.1 

80.
6 102 57 

Raindays ≥ 1 
mm 16.5 19.1 18.1 22.1 14.1 

14.
4 16.1 9.9 6.9 9.7 18.7 13.7 

Days of Air 
Frost 0.3 3.4 9 8.3 13.3 11 3.8 0.6 0 0 0 0.4 

 

An important heading in Table 6.3 is the raindays category. This category records 

on average how many of the days experienced rainfall over 1 mm for the weather stations 

around Belfast. This is an important distinction from average rainfall because the two do 

not necessarily linearly correlate. It could be the case that in a given month every day could 

be considered a rainday, however only around 1 mm of rain falls per day, resulting in a total 

average rainfall for that month of 30 or 31 mm depending on the month. This would be 

considered very low for Northern Ireland. Raindays is a slightly more sophisticated view of 

the rainfall over a given month when viewed in conjunction with the average rainfall, as it 

describes the concentration of rain over how many days in a given month. So, if there is a 

high amount of rainfall but over only a few raindays the rain could be considered torrential 

while it is happening. Thus, potentially affecting the exposed concrete samples differently 

to a lesser but more constant amount of rainfall. 

After the year of exposure, the samples were dried according to the relevant drying 

step cycle length from the full immersion test and then were tested for strength to see if 
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the outdoor weathering had had any effect. The average compressive strength results are 

presented in Figure 6.14 against the control results after 28 days. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.14 – Strength results from the outdoor weathering samples against the 

28 control sample results  

 

As can be seen the effect of the outdoor weathering did not degrade or indeed 

even inhibit the development of the compressive strength of the samples after a full year of 

exposure. This was probably due to the fact that over the year the samples also fully 

carbonated as described in section 5.8, figure 5.22; greatly increasing the strength of the 

samples. The evidence for why the compressive strength results are observed intersects 

with the results presented in Chapter 5 and so will not be rewritten here.  

 

6.6. Leaching 

6.6.1. Introduction 

Leaching was studied in both the inorganic and organic phases. Results presented in 

chapter 6 lead to suspicions that cracks were propagating in the ITZ during the weathering 

tests, these occurred for different reasons but the main one was a “washing away” effect 

on the binder. Consequently, testing was conducted to conclude if this was the case. 

Because the bio-aggregates were made up of organic materials, some of which are soluble, 

an experiment to investigate the organic leaching was also appropriate. The results of these 

experiments are presented in this chapter. 
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6.6.2. Inorganic leaching 

Atomic absorption was used to identify calcium particles in the test water of the 

controlled immersion test. The results of this test are presented in Figure 6.15. 

 

 

 

  

 

 

 

 

 

 

 

 

Figure 6.15 – Inorganic leaching of vegetal concretes 

 

For reference the concentration of calcium in tap water in south Belfast was 

reported to be 0.00438 % by Northern Ireland Water (2018). Bearing in mind that this test 

was conducted on water that had been subjected to immersing samples for only 5 cycles; a 

much shorter test than the full immersion durability tests earlier in this chapter, it can be 

seen that there is clear evidence of mineral leaching. It can also be seen that it is the hemp 

samples that suffered slightly greater mineral leaching (42.5 times the amount of calcium 

found in Northern Irish water). Slightly more than the rapeseed samples, although the 

difference is negligible.  

In addition, it can be clearly seen that the addition of a VMA into the mix greatly 

reduced the amount of mineral leaching that occurred, this is another positive result for the 

use of a VMA in vegetal concrete mixes and is caused by the greatly reduced porosity, an 

effect of the use of VMA.  

 

6.6.3. Organic leaching 

Organic leaching was identified using FTIR which was conducted on samples of bio-

aggregate removed from the crushed cubes after compressive strength testing. The 

wavenumber values used to identify the peaks are tabulated below in Table 6.4 and the 
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FTIR spectra are presented in Figure 6.16. The three 28-day control samples are denoted in 

Figure 6.16 as CTRL 1, CTRL 2 and CTRL 3 and the samples that were tested after 20 cycles 

in the full immersion are denoted as WHU 1, WHU 2 and WHU 3. For simplicity, the legend 

presented for the rapeseed untreated mix is the same for all other mixes. These tests are 

relevant when discussing the durability of vegetal concretes, because of the associated 

problems with various sugars such as pectin in the bio-aggregate. This was covered in detail 

in section 2.2.3. 

 

Table 6.4 – Description of main infrared absorption peaks for bio-aggregates  

Wavenumber 

(cm-1) 

Bonding Vibration Type Material Reference 

3000 – 3600 O–H Symmetric and 

antisymmetric 

stretching 

Polysaccharides (Le Troëdec et al., 

2007) 

2850 – 2920 C–H 

(CH₂) 

Antisymmetric 

stretching 

Waxes, Lipids 

and Fats 

(Tserki et al., 2006; 

Nozahic, 2012) 

1630 – 1650 C=O Symmetric stretching  Pectin (Le Troëdec et al., 

2007) 

1505 – 1510 C=C Symmetric stretching Lignin (Tserki et al., 2006; Le 

Troëdec et al., 2007) 

1425 CO3
2+ Antisymmetric 

stretching 

Calcite (Silva et al., 2005) 

1160 C–O–C Antisymmetric 

stretching 

Cellulose, 

hemicelluloses 

(Le Troëdec et al., 

2007) 

1030 C–O Symmetric stretching Cellulose, 

hemicelluloses 

(Nakbanpote et al., 

2007) 

875 CO3
2+ Symmetric bending Calcite 

(Carbonate) 

(Silva et al., 2005) 

 

The first thing to notice in Figure 6.16 is that in all cases the peak from 3000 – 3600 

cm-1 in the weathered samples (denoted in black) has flattened out and is not as sharp as 

for the 28-day control samples (denoted in red). This shows that during the weathering 

testing the polysaccharides in the hemp and rapeseed aggregates were partially dissolved. 

This was expected as sugars are soluble.  

Calcite peaks are also evidenced on the spectra at 875 and 1425 cm-1, and for all of 

the mixes the calcite peaks are taller peaks for the weathered samples in comparison with 
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the control samples. This was to be expected as the weathered samples would have had 

around 9 months to carbonate naturally. 

The hemicellulose and cellulose peaks at 1030 and 1160 cm-1 for the weathered 

hemp VMA mix have almost completely disappeared as expected because hemicellulose is 

a soluble sugar. However, for the other mixes, the 1030 cm-1 peak consistently gets bigger 

and the 1160 cm-1 gets smaller. This is explained because the peaks in both cases represent 

both cellulose and hemicellulose; hemicellulose is soluble; however, cellulose is insoluble. 

Thus, the peculiar change in peak shape was due to the change in quantity of the two 

materials before and after testing. The removal of the hemicellulose caused the reduction 

in the peak and the minor increase in the 1030 cm-1 peak was due to the resulting increased 

concentration of cellulose. 

Changes in lignin quantity are relatively hard to observe for the mixes because of 

the fact that the lignin peak is so close to the large and asymmetric calcite peak. However, 

for all mixes it is still possible to observe when comparing the control spectra to the 

weathered spectra. In all cases aside from the third control sample (CTRL 3) for the 

rapeseed untreated mix, a shoulder is observed around 1505 cm-1 which is the lignin peak. 

Then when looking at the weathered spectra, the shoulder has disappeared. In some cases 

it is harder to see because the calcite peak is asymmetric (Silva et al., 2005). However, the 

shape of the peak is clearly different when comparing the samples before and after the 

test. Thus, it can be concluded for all mixes that weathering also results in the dissolution of 

lignin. 

The next peak along the spectra is the pectin peak at 1630 – 1650 cm-1. The 

changes with this peak can be described as inconsistent; especially for the rapeseed 

aggregate. The peak was consistently lowered for both of the hemp samples, however, was 

not completely removed for either. This is a positive result for the hemp mixes as pectin 

was the sugar that was identified as a problematic constituent part due to its tendency to 

trap calcium ions from the binder and retard long-term strength. The results for the 

rapeseed samples are less consistent, with evidence of a diminished pectin peak in some 

weathered samples, and no observed effect in others. One explanation for this could be 

that pectins are predominantly found in the epidermis of the plant cell (Jauneau et al., 

1997), so there does seem to be evidence of pectin in the rapeseed sample results, 

however, the inconsistency is brought about by the fact that the sugar is not omnipresent 

throughout the samples as a whole. 
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Figure 6.16 – FTIR data for all mixes before and after the full immersion weathering test
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Finally, the last peak to be studied is the peak from 2850 – 2920 cm-1 which is 

representative of any waxes, lipids and fats in the aggregate. This was the second 

discrepancy between the two aggregates and that is because the waxes and fats are 

dissolved once again in both of the hemp samples. In contrast, no effect was noted when 

looking at the rapeseed samples. It has to be said that the waxes and fats peak on the hemp 

samples is only minor and is not consistently present. Which, as with pectin, may suggest 

an explanation as to why they are seemingly removed. It may be the case that they simply 

were not present in the weathered samples as the waxes, lipids and fats are only found in 

the epidermis of the straw anyway; whereas the other constituent parts are omnipresent 

throughout the stem. The peaks are more clearly present for the rapeseed samples 

however, their lack of dissolution could again be explained by their rarity in the cross-

section of the stem. Or it could be the case that the weathering test had no effect in 

dissolving them. 

There are similar FTIR studies conducted on surface treatments of lignocellulosic 

aggregates that demonstrate the effects of alkaline substances on the dissolution or 

removal of certain organic constituent elements of the aggregates. Nozahic and Amziane 

and Chabannes et al. (2012; 2016) both found that treating lignocellulosic aggregates with 

lime water (aqueous calcium hydroxide) resulted in the removal of hemicelluloses, lignins, 

polysaccharides and to a certain extent, pectins, as did this study. However, these studies 

were conducted with a purposeful treatment of the aggregates with an alkaline solution; 

this study was with water only. 

These results could have an impact on the real-world application of vegetal 

concretes. Especially exposed vegetal concretes as these sugars are known to inhibit 

strength development. Thus, the removal of them with water can only be considered as a 

significant improvement for the development of their long-term strength. However, caution 

must be taken with these results, as it may be the case that it was a basic solution removing 

these organics due to the fact that, as has been demonstrated in section 6.6.2, calcium was 

leaching into the test water as the experiment progressed. This slow leaching of calcium 

could have increased the pH of the test water and been responsible for the observed 

results, creating a similar test to the ones conducted by Nozahic and Amziane and 

Chabannes et al. (2012; 2016). Therefore, FTIR was also conducted on the outdoor 

weathering samples for further analysis (Figure 6.17). 
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6.6.4. Organic outdoor leaching 

To determine if the dissolution and removal of the organics for the full immersion 

test was a consequence of the test water only or the test water and the added calcium 

from the inorganic leaching, FTIR was conducted on the samples that were weathered 

under natural conditions outside. Again, as with the full immersion FTIR results the control 

samples tested at 28 days are denoted in red and the weathered samples are denoted in 

black. Also, for simplicity the legend presented in the hemp VMA spectra is the same legend 

as was used for the rest of the mixes. 

The outdoor weathering samples follow much the same trends as found in the full 

immersion FTIR results and the literature (Nozahic and Amziane, 2012; Chabannes et al., 

2016), in all cases, the naturally weathered samples exhibited a partial removal of 

polysaccharides (3000 – 3600 cm-1, dissolution of hemicelluloses and re-concentration of 

the insoluble cellulose (1030 and 1160 cm-1), dissolution of lignin (around 1505 cm-1), 

partial and inconsistent removal of pectin (1630 – 1650 cm-1) and waxes, fats and lipids 

(1850 – 2920 cm-1). 

The results are similar to those of the full immersion test; implying that only a wet 

climate is needed to effect these changes and not an extreme test of full immersion and 

drying over the course of 9 months. This confirms the positive conclusion made in the 

previous section that water only is needed to remove sugars in these bio-aggregates which, 

in the case of pectin, is a positive for vegetal concretes. 
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Figure 6.17 – FTIR data for all outdoor mixes 
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6.7. Conclusions 

The weathering testing revealed that, initially, the changes in mass with each cycle 

(and so the durability resistance) was very close between the hemp and rapeseed samples. 

It can be concluded that the hemp samples initially absorbed more water during the 

weathering. However, over time, and with the increased propagation of cracks and damage 

to the ITZ it was the rapeseed samples that gained more mass from absorbed water. 

The addition of VMA led to a reduction in the porosity of both the hemp and 

rapeseed mixes and as a result also significantly reduced the mass gained from absorbing 

water, therefore increasing the durability resistance of the material.  

Overall, the compressive strength of all of the samples was reduced as the test 

progressed; with the VMA samples experiencing the biggest weakening in compressive 

strength compared to the untreated samples. Although, they had much higher compressive 

strength at the beginning of the test and so much more to lose. 

The partial immersion test revealed that the hemp samples consistently exhibited 

more durability resistance when compared to the hemp samples; and similar to the full 

immersion test the addition of a VMA, at least initially, significantly reduced the amount of 

water absorbed.  

Also contrary to the full immersion results, it can be concluded that the partial 

immersion test results led to no reduction in the compressive strength of most of the 

mixes. It was observed that the untreated samples were completely unaffected and the 

hemp VMA samples actually got stronger.  

Outdoor weathering was also conducted and no effect was imparted on the 

samples, indeed the compressive strength increased. When looking at these results in 

conjunction with the carbonation results it can be seen the samples were carbonating 

naturally which allowed an increase in strength and the ability to overcome the negative 

effect on strength provided by the weathering. 

Clear evidence of both organic and inorganic leaching in vegetal concretes was 

observed. Even over a condensed test compared to the full immersion weathering test, 

large amounts of calcium was found in the testing water after 5 weathering cycles. The 

highest concentration was found in the untreated hemp samples, where the calcium 

content in the water averaged 0.186 %, 42.5 times the calcium content of water in South 

Belfast, Northern Ireland (Northern Ireland Water, 2018). 

Comparison between mixes with respect to inorganic leaching resulted in hemp 

inorganically leaching more than the rapeseed samples for both the untreated mixes and 

the VMA samples, but this difference was considered negligible. What was noticeable, 
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however, was the effect of adding a VMA into the mix; which greatly reduced the amount 

of inorganic leaching. This is a positive effect, as its ability to restrict the leaching of calcium 

during weathering could result in an overall increase in strength development. 

Organic leaching gave a strong indication that most of the soluble constituent 

lignocellulosic materials did indeed dissolve from the aggregate. FTIR results revealed that 

polysaccharides partially dissolved for all hemp and rapeseed mixes, so too did 

hemicelluloses and lignin. Pectin also dissolved, although not fully and as this peak was 

identified as a retarding agent on the setting of cementitious materials, future work is 

needed to identify a process to, ideally, remove this material completely. 

It was also observed that the results for pectin and lipids, fats and waxes were 

inconsistent. However, this was due to the fact that these organics are not omnipresent 

throughout the aggregates as a whole. Their presence was solely due to where the FTIR was 

conducted on the aggregate sample. If the technique was conducted on the epidermis of an 

aggregate particle, evidence was found of their dissolution, However, if the test was 

conducted anywhere else there was much less evidence of their presence due to the 

reduced concentration of pectin in other parts of the stem. 

Finally, it can be concluded that hemp concrete is more durable regarding 

immersion/drying when compared with rapeseed concrete. This is because the hemp 

concretes absorbed less water and so suffered less strength reduction. The addition of a 

VMA into the mix also greatly increased the resistance to the effects of immersion/drying in 

vegetal concretes. And should be strongly considered to be used in vegetal concrete mixes 

moving forward where durability resistance is a concern. 
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Chapter 7: Capillary Water Absorption 

Prediction 
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7. Capillary water absorption prediction 

7.1.  Introduction 

The final research chapter details the investigation of predicting the capillary rise in 

vegetal concretes at an age of 28 +/- 1 days. Washburn’s law (1921), presented in equation 

7.1, was considered to describe and predict the capillary rise of vegetal concretes due to it 

being a function of pore size as well as time. The results from the validation of this law and 

its application to vegetal concretes are presented below in sections 7.2.4.  

 

7.2. Washburn’s law 

In order to validate this law, the initial step was to experimentally find all of the 

variables (listed below).  

ℎ ² =
𝑟 ∙ 𝛾 ∙ 𝑐𝑜𝑠𝜃

2𝜇
𝑡 

Equation 7.1 

ℎ  – Capillary Rise (mm) 

𝛾  – Surface tension of the liquid in contact with the surrounding gas (N/mm) 

r – Radius of the capillary pore in question (mm) 

𝜃 – Contact angle which the liquid forms on the porous surface (⁰) 

𝜇 – Dynamic viscosity (kg/mm*min) 

t – Time (mins) 

 

The surface tension (𝛾 ) and the dynamic viscosity (𝜇) were the simplest to 

determine as they are constants for free water at 20⁰. The surface tension of the liquid was 

taken as 7.286 x10-5 N/mm (Dean, 1967) and the dynamic viscosity was taken as 6.012 x10-5 

kg/mm*min (Kestin et al., 1978), however the other variables were more complicated to 

evaluate and were investigated individually. 

 

7.2.1. Average pore size 

The average pore size was determined using X-Ray tomography, as the technique 

not only allowed for the calculation of mean pore size but also produced data to be put into 

histograms to investigate the pore size distribution (Figure 7.1). The mean and median pore 

sizes for all of the mixes were calculated automatically by the Tomography software and 

are reported in Table 7.1. And the pore size distribution data is presented in Figure 7.1, and 

is the numerical data taken from the images presented in Figure 4.8 in section 4.4. 



182 
 

Unfortunately, due to the nature of the histogram it was impossible to present all of the 

data in one graph as the data lines covered each other; so are presented separately. 

 

Table 7.1 – Average pore sizes for all mixes 

 HU RU HV RV 

Mean Pore Radius (mm) 0.0821 0.1219 0.0509 0.0723 

Median Pore Radius (mm) 0.09 0.126 0.072 0.093 

 

The X-ray tomography revealed that the rapeseed mixes had a much larger range of 

pore sizes when compared to the hemp. However, all of the mixes had a similar median 

pore size ranging from 0.09 mm for the hemp VMA mix to 0.126 mm for the untreated 

rapeseed mix. However, the concentration of the median, which can be seen visually in 

Figure 7.1 from the height of the main peak where the median falls also differed between 

the hemp and rapeseed mixes. This is due to the ranges between the mixes; the rapeseed 

untreated mix had the biggest spread of pore sizes overall and so had the lowest 

concentration at the median. In contrast, the hemp VMA mix had the smallest range in pore 

sizes resulting in the highest concentration at the median of 21.2 %. This increase in range 

explains why the mean pore sizes of the rapeseed samples were higher than the equivalent 

hemp mixes in both cases. 

When comparing the untreated and VMA samples, the VMA clearly reduced the 

size and range of pore sizes observed in the material. In both cases, as can be seen in Table 

7.1, the addition of a VMA into the mix resulted in a lower mean pore radius; roughly a 38% 

reduction in pore size for the hemp samples and a 41% reduction for the rapeseed samples. 

So, the maximum pore sizes are reduced and the concentration of pore sizes at the median 

and lower end of the distribution is increased. This overall reduction in the pore size 

distribution and so also reduction in average pore size also explained the significant 

changes that were caused by adding a VMA into the mix. The VMA reduced the porosity of 

the material and so increased the density; which then greatly reduced the amount of water 

absorbed and greatly increased the compressive strength of the vegetal concrete mixes 

(which was established in Chapter 4). 
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Figure 7.1 – Pore distribution data for all mixes 
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7.2.2. Contact angle 

Ordinarily, the contact angle of a material is measured using a contact angle 

goniometer, which is a relatively simple procedure. However, it was not possible to use this 

method with vegetal concretes, as it works on the principal of landing a drop of water on 

the material and taking an image of it; then measuring the contact angle using image 

analysis. The problem with using this method on vegetal concretes is that the surface of the 

concrete is heterogeneous, thus the contact angle measurement is highly variable and 

highly dependent on where the droplet is dropped on the surface of the concrete; this led 

to the method being considered unsuitable. 

  Another method that is used to determine the contact angle is to use Washburn’s 

law itself to calculate the contact angle based upon the experimental data obtained for all 

the other variables. However, given that the objective of this part of the thesis was to 

determine if Washburn’s law was applicable regarding the prediction of capillary rise in 

vegetal concretes, it was decided that instead of using the equation to resolve a variable 

and then putting that variable back into the equation, an iterative process would be more 

applicable. Contact angle is well described in the literature and given the hydrophilic nature 

of vegetal concretes it was known that the contact angle of the mixes would have to be less 

than 90 ° (Amziane et al., 2017).  

An iterative sequence was then implemented between the prospective contact 

angles of 10 and 90 ° and compared with the experimental capillary rise results (detailed in 

section 7.2.3 below). This gave an indication of where the contact angle should roughly be 

and the iterative process was repeated with a range with smaller increments. The final 

ranges of contact angles for all of the mixes was found to be between 81 ° and 89 °, and the 

results of this will be presented later in section 7.2.4. 

 

7.2.3. Capillary rise 

The final variable in Washburn’s law to determine experimentally for each mix was 

the capillary rise itself using image analysis (the script can be found in Appendix F). With 25 

images being taken per sample and 3 samples per mix as well as the pure Vicat samples 

that was a total of 375 images that were analysed, far too many to be presented here. 

Therefore, a sample of 6 images are presented in Figure 7.3 from the first untreated 

rapeseed test (RU1) and the data for the 3 untreated rapeseed samples is presented in 

Figure 7.2.  
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Figure 7.2 – Experimental capillary rise for all untreated rapeseed samples 

 

As can be seen in Figure 7.3 the saturation line of the untreated rapeseed sample 

from the wet surface in contact with the bottom of the sample advances up the specimen 

with time, and the rise for all of the untreated rapeseed samples are more concisely shown 

in Figure 7.2. 



186 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 7.3 – Sample images from the untreated rapeseed capillary rise experiment 
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Figures 7.2 and 7.3 illustrate that the untreated rapeseed concrete samples absorb 

water much faster initially and then the absorption slowed with time. This is due to the 

obvious impact of gravity and how the further away from the discrete wet surface the 

saturation line gets, the weaker the capillary forces. 

The capillary rise results for the other mixes (HU, HV and RV) are presented below 

in Figure 7.4 (including the RU results from Figure 7.2 for comparison). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.4 – Experimentally determined capillary rise all mixes 

 

Figure 7.4 shows that the saturation line for the rapeseed VMA samples rose higher 

over the 24 hours than the hemp samples. Although, as was established in section 4.4 the 

rapeseed samples consistently absorbed more water compared to the hemp samples. 

However, the results of this experiment showed that the rapeseed VMA sample actually 
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absorbed water more quickly and the saturation line advanced further up the specimen 

than the untreated sample. This was to be expected, as according to the Kelvin-Laplace law 

(Helmholtz, 1886), a smaller pore radius will equal a stronger pore suction pressure. And 

then according to Jurin’s law (Jurin, 1718), the stronger pore suction pressure the higher 

the liquid will rise in a capillary network. So, when analysing these results in conjunction 

with the hygric tests of Chapter 4 and immersion tests of Chapter 6, it can be stated that 

the addition of a VMA into the mix greatly reduces the amount of water absorbed, however 

increases the height that the lesser amount of water vertically rises to through capillary 

action. This is because, although the addition of a VMA results in a higher capillary rise, 

those capillaries have a smaller radius and so overall less water can be observed. 

However, this trend is not so clear in the hemp results and may be due to the 

addition of a VMA into the mix also leading to blockages of the pores and a resultant closed 

pore network; inhibiting the liquid to rise to its calculated height according to Jurin’s law. 

The apparent outlier that was observed in test HV 1 is also evidence for this, as the capillary 

rise observed in that mix was significantly less than even the other hemp VMA mixes. The 

effect of a VMA on the openness of the pore structure is something that should be 

investigated further in the future in order to completely validate the suitability of Jurin’s 

law to vegetal concrete. 

These patterns are supported by the mass data of the samples that was also 

tracked as the experiment progressed, however the trends found were exactly the same 

and revealed no more about the capillary behaviour of the samples so instead can be found 

in Appendix G.  

The results were then plotted against the square root of time in order to try and 

further describe the nature of the capillary rise and can be found in Figure 7.5. 
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Figure 7.5 – Experimentally determined capillary rise all mixes plotted against the  

square root of time 

 

Analysing Figure 7.5, it appears that the kinetics of the vertical capillary rise of 

vegetal concretes is dependent on the square root of the elapsed time. In Figure 7.5, 

straight lines of best fit have been plotted with the results and the R² values all have good 

agreement with the experimental data; between 96 and 99.7 %. There is an initial jump of 

water absorption after 1 hour of exposure and then the trendline agrees with the data 

comprehensively during the middle section of the test as the capillary rise progresses 

linearly with the square root of time. Then, at the end of the experiment there is an 

inflection of the curve relating to the slowing of the capillary rise as the saturation line gets 

close to the top of the sample. This was also reported in a water absorption experiment 

conducted on vegetal aggregates by Nozahic (2012) whereby chips of hemp and sunflower 

were immersed in water and their mass gain tracked (Figure 7.6). This inflection at the end 

of the experiment was said to have illustrated the influence of the “finite” dimension of the 
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chips. And so, with similar results in this experiment it can be said that the inflection at the 

end of the experiment demonstrates the influence of the “finite” dimension of the cube 

specimens. 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.6 – Water adsorption/absorption curve by the immersion of chips (60 × 7 × (1–3) 
mm3) of hemp and of sunflower as a function of the square root of elapsed time (a). 

Comparison between the gravimetric water adsorption/absorption and the tangential 
swelling during immersion (b) (Nozahic, 2012) 

 

As can be seen in Figure 7.6, the capillary rise data from Figure 7.5 exhibits the 

same behaviour as the mass gain behaviour of submerged bio-aggregate chips. The results 

in Figure 7.5 are in agreement with the results from Nozahic (2012) in that there is an initial 

jump of water absorbed/capillary rise up to 1 hour, and then the water is 

absorbed/capillary rises linearly with the square root of time until the above-mentioned 

inflection is observed as the sample becomes fully saturated.  

However, the reason the absorption slows may be slightly different between the 

two cases. It is reported by Nozahic (2012) that the initial jump in the amount of water 

absorbed is due to the rapid nature of the wetting of vegetal material (IRA). Then the 

second phase represented by the straight line in Figure 7.6 (a) is the absorption of water in 

the plant structure and is a diffusive kind of behaviour. However, for the diffusion to take 

place the inter-granular pores of the plant structure must be saturated in order for the 

water vapour to begin diffusing into the plant structure. 

This is clearly impossible in the case of capillary rise as the saturation of the line is 

advancing up the sample with time, where one side of the line is saturated and the other 

side is dry. There is still the initial wetting phase as was noted by Nozahic (2012), as the 

completely dry surface of the sample comes into contact with the discrete wet surface. 
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However, the advancement of the saturation line is instead affected by gravity. The further 

from the discrete wet surface the saturation line gets, the stronger the gravitational force 

against it becomes. This is the reason why the capillary rise exponentially slows as the 

experiment progresses and is related to the square root of the elapsed time. Finally, the 

inflection at the end of the experiments is for the same reason in both cases; because of 

the influence of the dimensions of the samples.  

Thus, all of the variables in Equation 7.1 had been determined and the evaluation 

of the suitability of Washburn’s law for capillary rise in vegetal concretes could be 

conducted. 

 

7.2.3.3. Capillary rise in pure Vicat mixes 

The same experiment was conducted on purely Vicat mixes in order to distinguish 

the difference in capillary action between vegetal concretes as a whole, binder only and 

aggregate only. However, image analysis was not possible on the binder only cubes because 

it resulted in no visible saturation line. The gain in mass of the samples was tracked in real 

time which revealed that water was being absorbed through capillary action; however, 

there was no change or a very minor change in colour of the face of the sample as the 

water was being absorbed. For 2 out of the 3 samples analysis was impossible and for one 

sample results were possible in that enough of a contrast between the dry and wet sides of 

the sample were just about possible to distinguish. However, they were unreliable at best 

due to there being no clear advancement of a saturation line. The 3 images presented in 

Figure 7.7 are taken from the experiment where analysis was possible and are taken from 

the beginning, mid-point and at the end of the experiment. 

 

 

 

 

 

 

 

 

 

 

Figure 7.7 – Absorption images for pure Vicat samples at intervals throughout the 

experiment 

0 hrs 12 hrs 24 hrs 



192 
 

R² = 0.97

R² = 0.98

R² = 0.97

0

5

10

15

20

25

0 4 8 12 16 20 24

%
 o

f O
rig

in
al

 M
as

s

Time (Hours)

When looking at Figure 7.7, it can be clearly seen that the sample is absorbing 

water, and the analysis here was run at minimal threshold settings resulting in the highest 

image analysis sensitivity. However, even these settings could not detect any clear visible 

saturation line, despite the fact that the mass data (Figure 7.8) clearly shows that water was 

being absorbed. During testing, a loadcell was used to track the mass changes of the 

samples as the capillary absorption test progressed. However, due to the tiny changes in 

voltage caused by the gradual increase in pressure from the gaining weight of the samples, 

one data point being recorded every second for 24 hours and possible electrical 

interference from the laboratory, occasional noise was present for all of the samples at 

points during the test. Consequently, the data in Figure 7.8 has been hidden and a power 

line of best fit has been presented instead; along with the correlation coefficient. For all of 

the samples the correlation coefficients are very high (all above 97%) so presenting the line 

of best fit for such a large data set was considered appropriate and are presented in Figure 

7.8.  

 

 

 

 

 

 

 

 

 

Figure 7.8 – Capillary absorption mass data for Vicat mixes  

 

As was discussed above, despite the fact that it was impossible for 2 of the pure 

Vicat samples to be visually tracked, the mass gain data shows that water was still being 

absorbed through capillary action. Two of the samples gained around 15% of their original 

weight in added water and the other gained 23%.  

 

7.2.3.4. Capillary rise in pure aggregate mixes 

As with the pure binder samples the same experiment was conducted with purely 

aggregate samples. However, when the test was conducted no capillary action was 

observed at all. Only the bottom layer of the aggregate sample absorbed any water due to 



193 
 

the fact that it was in direct contact with the filter paper on the bottom face of the Perspex 

box. 

Following this, a hypothesis was formed that the absorbent material, as well as the 

filter paper on the bottom of the box, provided too many obstacles for the capillary forces 

to overcome. So, the filter paper was abandoned and the box was affixed directly to the 

absorbent surface. The test was retried, however, again no results were obtained. Only the 

images from the start and end of a hemp aggregate test are shown in Figure 7.9. 

 

 

 

 

 

 

 

Figure 7.9 – Images from the start and end of aggregate only test 

 

As can be seen after 24 hours a small amount of water has been absorbed. This is 

due to intra-granular porosity from the particles being in contact with the bottom surface. 

Whereas evidence of inter-granular porosity was observed for the concrete samples no 

such mechanism was observed for the aggregate only tests. The capillary forces that may 

have been created were not strong enough in this test to cause capillary rise. This is 

explained in the Kelvin-Laplace law (Equation 2.17, Section 2.10.4) that describes an inverse 

proportionality between pore size and capillary suction pressure. The porosity of the 

aggregate samples was too open, vastly diminishing the capillary suction and not allowing 

any water to be drawn up. 

 

7.2.4. Capillary rise prediction 

As detailed in section 7.2.2 the range of contact angles was found to be 81 ° to 89 ° 

for all mixes; which fits the profile of hydrophilic materials such as these. Presented in 

Figure 7.10 are the capillary absorption prediction results using Washburn’s law. 

As can be seen overall, Washburn’s law gives a good prediction of the capillary rise 

in vegetal concretes. The prediction lines follow the actual data accurately, particularly in 

the early stages. At the later stages, the actual data seemed to taper off compared to the 

prediction lines and this is more than likely due to the effect of gravity. Washburn’s 

equation does take into account the effect of gravity; however, the growing effect of 
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gravity is not considered which is created as the saturation line moved further away from 

the discrete wet surface. This explains why the prediction lines continue to advance and 

lose contact with the actual data which begins to fall shorter. Then after around 20 hours 

the data really begins to deviate from the prediction lines, and this is thought to be because 

of the influence of the “finite dimension” of the sample as was seen in section 7.2 and also 

noted by Nozahic (2012). 
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Figure 7.10 – Capillary rise prediction using Washburn’s law
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It should also be noted that the prediction lines with the lowest contact angle were 

cut off due to the fact that all of the samples had a height of roughly 100 mm; but 

Washburn’s law does not account for that.  

In terms of specific numbers for contact angles for each mix, the prediction line 

that fit each sample the best is summarised in Table 7.2. 

 

Table 7.2 – Contact angles taken from Washburn’s law prediction data 

 HU RU HV RV 

Iterative Contact Angle (°) 82 85 83 86 

 

Using Washburn’s law to determine the contact angles of the materials the first 

observed result that is that in both cases the rapeseed aggregate was slightly more 

hydrophobic or certainly more resistive to capillary action. However, these differences, 

although consistent, were small and it was the difference in pore size that had the larger 

impact on the amount of water absorbed. This is further supported when looking at the 

effect of adding a VMA. The contact angle only increased by 1 ° in both cases however the 

height of capillary rise vastly changes, again pointing to the major impact of pore size. 

As has been observed, Washburn’s law has provided a great starting point for 

predicting the capillary rise of vegetal concretes. However, future considerations in this 

field should include the Lambert W function or the Robert’s equation. As discussed above 

the restraint of gravity can reduce the rate of saturation line advancement, eventually 

leading to a steady state (directly related to Jurin’s length described in equation 2.18). The 

Lambert W function (Fries and Dreyer, 2008) makes an attempt to deal with this and it is 

possible that it could be slightly more accurate, because as results show the actual capillary 

rise data tapered off as the restraint of gravity increased, yet Washburn’s law predictions 

continued to advance. 

The other equation to consider would be the Robert’s equation (Barry et al., 1993), 

which was not considered in this project due to time constraints. This equation has the 

potential to be more precise than Washburn’s law, due to it being much more versatile and 

considering the material in question as a continuum whereas Washburn’s law is based on 

the modelling of the pore structure geometry (Zaccardi et al., 2018). This can be a drawback 

as the pore structure of a complicated bio-composite is inconsistent and wide ranging in 
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size (Figure 7.1) as well as in shape and length. The pore structure of vegetal concretes is 

also changeable, which Washburn’s law cannot account for. Nevertheless, as mentioned 

previously the adapting the Robert’s equation to be applicable to vegetal concretes was far 

beyond the time constraints of this project due to the range of other chapters and 

experimental work that was carried out. The equation is highly technical due to the fact 

that it is a nonlinear partial differential equation which has no closed-form analytical 

solution. However, it should be strongly considered for future work in this area. 

It would also be interesting to investigate the effect of temperature on the rate of 

capillary rise in vegetal concretes. It is well known that the surface tension and dynamic 

viscosity of water both rise as the temperature reduces. This theoretically could make it 

possible to predict the capillary rise of vegetal concretes in different conditions, for 

example on site. It should also be noted that, as described by Washburn’s law, the two 

terms are on opposite sides of the equation. That term is a multiplier and one is a divider 

within the equation. This means that the terms, to a certain extent, offset, and the so the 

magnitude in which they offset would also have to be considered. 

 

7.3. Conclusions 

X-ray tomography has revealed the pore size distribution of the examined vegetal 

concretes. The technique has demonstrated that all four of the mixes (hemp untreated and 

VMA and rapeseed untreated and VMA) had a similar median pore radius (0.036 mm for 

HV, 0.063 mm for RU and around 0.045 mm for HU and RV) meaning that it was the range 

of pore radii that impacted the mean. The maximum pore radius for the HU, HV and RV 

mixes ranged from 0.51 – 0.53 mm whereas the untreated rapeseed sample had a 

maximum pore radius of 1.1 mm. It is this increase in range that is responsible for the 

difference in mean pore radius; whereas the mean pore radius for the HU, HV and RV mixes 

was found to be 0.051 – 0.082 mm the mean pore radius for the RU mix was found to be 

0.12 mm, impacting the amount of capillary rise. 

Comparing the pore radii of each mix, it was found that the rapeseed samples 

consistently had a larger pore radius in comparison with its hemp counterpart. It was also 

discovered that the addition of a VMA reduced the mean pore radius of the samples, a 

result that was suggested but not proven in section 4.4 with the addition of a VMA 

increasing compressive strength and reducing water absorption. 
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Plotting the capillary rise results also revealed that the kinetics of the capillary rise 

were dependant on the square root of the elapsed time. It was found that the capillary rise 

behaviour was in agreement with the water absorption behaviour reported by Nozahic 

(2012), although the central mechanism must have been different. The initial wetting step 

was the same and the inflection caused by the dimensional finality of the sample, however 

the central step must have been different. The relationship with the square root of the 

elapsed time was proposed to be because of the diffusive nature of water vapour into the 

vegetal structure. However, diffusivity is a slow process and requires a pre-saturated 

medium, which is something that was not present above the saturation line in a dry 

environment. Thus, gravity was identified as the cause of the exponential slowing of the 

capillary rise. 

It was also found that the pure Vicat mixes absorbed water through capillary action, 

although it was very hard to track with the Matlab script. Capillary action was observed, 

however, through the real-time mass gain tracking using a loadcell. Hence, capillary action 

was observed for the Vicat samples, but could not be tracked to allow for a model to be 

established using Washburn’s law equation. 

Aggregate only tests were also conducted, although no capillary action was 

observed because the porosity of the material was too open. In other words, the inter-

granular pore radii of the material without the added lime were too large, resulting in not 

enough capillary suction pressure being generated, as described by the Kelvin-Laplace law.  

Finally, Washburn’s law was used to try and establish its suitability for use in 

predicting capillary rise in vegetal concretes. It was found that it provided good accuracy in 

modelling capillary rise, particularly in the early stages. Providing an iterative process was 

used to establish the contact angle of the material in question. However, as the saturation 

line moved further away from the discrete wet surface in the test the increase in impact of 

gravity on the capillary absorption force is not considered by Washburn’s law. This is 

reflected in the presented results as the predictions become less accurate in the later 

stages of the test; the actual data profiles flatten out while the prediction lines do not. 

 Further research into determining the contact angle of heterogeneous materials 

would help in the prediction of the capillary rise of vegetal concretes using Washburn’s law. 

Alternatively, there are other equations that can be used such as the Lambert W function or 

the Robert’s equation. However, these are vastly more complicated and would need 
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considerable research into their adaptation for their use pertaining to vegetal concretes 

themselves. It would also be interesting to investigate the effect of sample age on the pore 

size distribution and capillary rise behaviour as these tests were only conducted on samples 

that were 28 +/-1 days old.  
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Chapter 8: General conclusions and 

recommendations for future work 
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8. General Conclusions 

The work of this thesis has developed the knowledge and understanding of the 

durability of vegetal concretes, and provided optimised mixes for the resistance of the 

highlighted durability mechanisms. This thesis has also successfully introduced an 

alternative bio-aggregate, chopped rapeseed straw, as well as a polyacrylic acid-based 

viscosity modifying admixture (VMA) to significantly improve the performance of vegetal 

concretes regarding thermal, mechanical, water absorption and durability performance. 

Organic and inorganic leaching of vegetal concrete mixes has been addressed, and a novel 

technique of tracking and predicting capillary action in vegetal concretes has also been 

developed and introduced. 

The general approach to this thesis was to initially investigate the thermal, 

mechanical and water absorption performances of a large number of vegetal concrete 

mixes and based on the results the best four performing mixes were selected and 

proceeded with for durability testing. 

Table 8.1 is a reproduction of the summary Table 4.1 in Chapter 4. It gives a 

summary of all of the results that were obtained in that chapter. Comparing the two 

aggregates, it could be concluded that overall the hemp shiv would result in the strongest 

performance in construction when considering the four properties measured in this 

chapter; although, the performance of the rapeseed aggregate was comparable. Therefore, 

sustainability should play an important factor if a choice has to be made between these two 

aggregates on site. Whichever is the most easily accessible and closest should be the 

choice. 

Comparing the binders was also close, with the Vicat binder performing slightly 

better. There is scope for the use of hydrated lime, however, as the performances of the 

binders was reasonably close. 

The partial replacement of the binder with metakaolin had a negative impact on all 

of the measured properties in this chapter. The most concerning regarding durability was 

the fact that it increased the amount of water absorbed by the mix. If this is a viable 

material to be used with vegetal concretes on site, a different material composition must 

be developed. 

Finally, a comparison between the linseed oil and VMA resulted in the balance 

between the results being the main deciding factor. There were instances where, for 
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example, linseed oil resulted in just as significant a reduction in water absorption because 

of the large increase in density. However, this also led to a large increase in thermal 

conductivity, which is undesirable for a real-world application as the low thermal 

conductivity of vegetal concretes is one of its most positive points. The use of the VMA, on 

the other hand, resulted in a large increase in compressive strength and reduction in water 

absorption, whilst also resulting in only a small sacrifice in thermal conductivity. Using Table 

8.1, it can be seen that the best mix to be used on site would be the Hemp Vicat VMA mix, 

as it had the lowest average position out of all of the mixes as a while for all of the 

measured properties. 

The pre-treatment of the aggregate with linseed oil would also be difficult when 

working on site, as the mix has to be done 20 day prior to concrete mixing. In contrast, VMA 

is simply an additive that is added at the time of mixing. 

It was also concluded, agreeing with the literature, that the density of the material 

plays a crucial role in the determination of the properties of vegetal concretes. It was found 

that an increase in density (and reduction in porosity) lead to an increase compressive 

strength and elastic modulus, an increase in thermal conductivity and reduction in water 

absorption. 
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Table 8.1 – Summary table for all experiments conducted on all 24 vegetal concrete mixes 

Mix 
Water 
Absorption 
(%) 

Thermal 
Conductivity 
(W/mK) 

Compressive 
Strength 
(MPa) 

Elastic 
Modulus 
(MPa) 

Average 
Position 
out of 24 

Vicat 

Hemp 

Untreated 26.7 0.107 0.47 32.4 16.25 

Untreated 
MK 

39.8 0.098 0.35 20.8 
17 

VMA 7.3 0.121 1.25 97.1 6.5 
VMA MK 10.0 0.106 1.54 89.6 7.5 
Linseed Oil 3.9 0.114 0.51 63.3 10 

Linseed Oil 
MK 

4.8 0.103 0.36 61.2 
10.5 

RS 

Untreated 34.0 0.089 0.89 20.6 13.25 

Untreated 
MK 36.1 0.092 0.91 20.8 

13.25 
VMA 16.2 0.100 1.46 50.2 7.75 
VMA MK 18.1 0.092 1.50 54.4 9 
Linseed Oil 7.0 0.136 0.74 46.7 12.75 

Linseed Oil 
MK 

9.4 0.139 0.71 45.3 
15.25 

Hydrated 
Lime 

Hemp 

Untreated 41.0 0.102 0.68 29.5 15.5 

Untreated 
MK 

46.1 0.102 0.74 29.4 
15.5 

VMA 3.8 0.131 1.24 81.4 5.75 
VMA MK 6.9 0.118 1.71 81.4 6.25 
Linseed Oil 7.9 0.141 0.40 61.4 12.5 

Linseed Oil 
MK 

12.6 0.111 0.42 59.1 
13.25 

RS 

Untreated 45.8 0.105 1.06 18.8 14.75 

Untreated 
MK 

51.0 0.091 1.22 19.1 
14.75 

VMA 9.9 0.136 1.45 47.4 11.5 
VMA MK 14.0 0.133 1.48 49.6 11.75 
Linseed Oil 12.8 0.158 1.32 46.6 13.25 

Linseed Oil 
MK 

13.0 0.153 0.61 45.5 
17.25 
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The carbonation profiles of the samples placed in the carbonation chamber were 

different to the profiles of the control samples in that the profile of the control samples 

went from carbonated on the outer face of the samples to less carbonated in the middle of 

the samples. In comparison the profiles of the samples placed in the chamber were uniform 

throughout the samples. 

As expected, the overall levels of carbonation increased with age for all the mixes. 

It was also observed that the level of carbonation for the samples placed in the carbonation 

chamber far exceeded those of the control samples, indeed the hemp untreated and hemp 

VMA samples had fully carbonated after 6 weeks of testing. The rapeseed samples, on the 

other hand, did not fully carbonate and the carbonation levels still appeared to be rising 

after 6 months (ending at around 23.8% calcium carbonate by mass). The levels of 

carbonation for the untreated samples did not reach the same levels as those which were 

reported by Chabannes et al. (2015) but the concentration that was used in the test setup 

in this PhD was much less. 

The outdoor carbonation samples were found to be fully carbonated after a year of 

outdoor exposure. 

In all cases the carbonation of the samples led to an increase in their compressive 

strength. However, whereas the carbonation of the VMA samples greatly accelerated their 

strength development (finishing around an average of 26.9 MPa), the compressive strength 

development of the untreated samples due to carbonation was less significant (finishing 

around 16.9 MPa). Indeed, in the case of the rapeseed samples it appeared that the 

strength development of the untreated rapeseed samples placed in the chamber was 

actually slowed. This was due to the high porosity of the untreated mixes and so the high 

speed at which they carbonated. Especially towards the outside of the sample, it was 

observed that the untreated rapeseed control samples were as carbonated as the 

respective untreated rapeseed samples placed in the chamber. Thus, there was much less 

difference (or none at all) in the early parts of the experiment between the compressive 

strength results of the untreated rapeseed control samples and the untreated rapeseed 

samples placed in the carbonation chamber. Although after 26 weeks the untreated 

rapeseed samples that had been placed in the chamber exhibited higher compressive 

strength compared to the respective control samples. 
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Regarding the immersion and leaching results, initially the hemp samples absorbed 

8.8 % more water when compared to the rapeseed samples in the full immersion test. 

However, as the experiment progressed the rapeseed samples appeared to begin to break 

down and this is reflected in the mass of water absorbed results as the amount of water 

absorbed by the rapeseed samples increased and by the end of the test the untreated 

rapeseed samples absorbed 3.1 % more water by mass (as cracks in the material matrix 

appeared, increasing the porosity). Furthermore, the addition of the VMA led to a drastic 

reduction in the amount of water absorbed (an average of 14.6 %).  

For the full immersion test, it was observed that samples lost cross-sectional area 

as the experiment progressed (ranging from 0.25 % for the untreated rapeseed samples to 

2.5 % for the hemp VMA samples). The difference in the loss of cross-sectional area was 

minimal when comparing the two aggregate types, however the use of the VMA led to a 

comparatively large increase in loss of cross-sectional area when compared with the 

untreated samples. There was also some evidence that the untreated samples were 

beginning to fail by the end of the experiment as the samples started to not follow the 

standard swelling and shrinking pattern as the samples were immersed and dried. 

The compressive strengths of all of the samples reduced as the number of 

weathering cycles increased. With the VMA samples experiencing the larger reduction in 

strength (on average 41%) compared to the untreated samples (on average (45 %); 

meaning that although it appeared that the VMA samples lost a lot more compressive 

strength, they actually lost similar amounts as a percentage. 

In terms of swelling and mass of water absorbed data, it could be concluded that 

the partial immersion experiment resulted in the same trends as the full immersion 

experiment; just at a reduced scale. In contrast with the full immersion test, no detrimental 

effect to the samples’ compressive strength was observed with the partial immersion test. 

The compressive strength of the outdoor weathering samples was also not 

compromised and indeed the compressive strength of the outdoor weathering samples 

increased (by between 21% for the untreated rapeseed mix to 77% for the hemp VMA mix). 

This can be attributed to the natural carbonation of the material as was described in 

Chapter 5. 

During the weathering cycles there was strong evidence for both organic and 

inorganic leaching. Calcium ions were identified in the water from the weathering 
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experiment from the calcium hydroxide in the binder. The highest concentration of calcium 

ions was found in the water from the untreated hemp samples (0.19 %). The next highest 

concentration was in the untreated rapeseed samples (0.17 %), followed by the hemp VMA 

samples (0.1 %) and finally the lowest concentration was found in the water from the 

rapeseed VMA samples (0.08 %). This was due to the significant reduction in porosity 

caused by the use of a VMA. 

The organic leaching of the samples revealed that all of the soluble parts of the bio-

aggregates did indeed dissolve. It was observed across all samples that the polysaccharides, 

hemicelluloses, lignins and pectins had dissolved by the end of the condensed 5 cycle 

weathering test. This was an important result as pectin is well known to inhibit the long 

strength development of vegetal concretes. 

Regarding the capillary absorption results, the median pore radius for all four of the 

mix types (untreated hemp, untreated rapeseed, hemp VMA and rapeseed VMA) were very 

similar (between 0.09 mm and 0.126 mm) however the ranges varied greatly. The 

untreated samples had a much larger range of pore sizes and it was this that governed the 

amount of water that was absorbed. 

Despite the fact that the median pore size for all of the samples were similar, 

because of the differences in the ranges of pore size the mean pore sizes were different, it 

was observed that the rapeseed samples consistently had a larger pore size compared to 

the hemp counterpart samples (on average 33 % bigger). Additionally, the use of the VMA 

led to a reduction in the mean pore size of the samples (on average 39 % smaller). 

The addition of the VMA into the mix caused a reduction in the capillary rise for the 

hemp samples, conversely causing an increase in the capillary rise in the rapeseed samples. 

It was also observed that the kinetics of the capillary rise were dependant on the 

square root of time.  

It was also found that the Vicat binder-only paste samples absorbed water through 

capillary action, although this could not be tracked through the image processing script 

method and was only observed through the mass data taken live during testing. As 

expected, the masses of the binder-only samples increased as the experiment progressed, 

so it was concluded that they must have been absorbing water. 
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The capillary water absorption of samples containing only hemp or rapeseed 

aggregate were also conducted but no capillary rise action was observed due to the inter-

granular porosity being too large and so no capillary suction force being generated. 

Washburn’s law was found to have good accuracy in predicting the capillary rise of 

vegetal concretes particularly in the early stage of the experiment. It was concluded that as 

the saturation line of the capillary rise moved further away from the discrete wet surface 

that the sample was sitting on, the lower the accuracy of Washburn’s law. No consideration 

is taken into account for this in Washburn’s law, and so the effect of gravity was what 

reduced the accuracy of the equation somewhat as the experiment progressed. 

 

Overall – durability resistance 

Overall, out of the four mixes that were studied for durability, it can be concluded 

that the use of a VMA clearly added significant durability resistance to both hemp and 

rapeseed concretes. In both cases, the addition of a VMA increased the speed of 

carbonation, meaning the VMA samples gained compressive strength significantly and very 

quickly, also adding resistance to immersion. The VMA also caused a reduction in the 

amount of mass gained by absorbing water in the immersion tests. This was because of the 

initial reduction in porosity and increase in density observed in chapter 4, and the 

improvement of the matrix ITZ also observed in chapter 4. The use of a VMA also resulted 

in less leaching of the binder, whilst still allowing the dissolution of soluble organics from 

the aggregate. 

Comparing the two aggregates directly is difficult, and it can be concluded that 

both perform similarly regarding durability resistance of the mechanisms studied. However, 

it can be concluded that it was the hemp concretes that were more durable overall. This 

was because it was the hemp concretes that absorbed less water, and so suffered less 

strength reduction in the immersion tests. The amount of leaching in both cases was very 

similar, and both of the mixes gained strength, particularly the VMA mixes, as they were 

carbonating.  

 

8.2. Perspectives for future work 

Numerous ideas for future work were produced as a result of this detailed research 

and thesis. And particular attention should be paid to the following: 
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 Investigate the partial replacement of binders with metakaolin in a moister 

environment. This is something worth considerable research given its 

recorded impacts on the durability of ordinary concrete. 

 The effect of sample size should be looked at as it pertains to water 

absorption and weathering. The results of chapter 7 highlighted the fact 

that gravity played an important part in the capillary absorption of water, 

and so the results may be considerably different on larger scale blocks as 

would be seen in a real-world application. 

 With the weathering behaviour established for hemp and rapeseed 

concretes, biological deterioration should be focussed upon as microbial 

deterioration could be a problem in such a hydrophilic material. 

 Studies should be conducted regarding the shrinkage of larger samples. 

Wetting and drying tests should be conducted on larger samples (blocks or 

panels) and shrinkage should be measured to determine if this is going to 

be a problem in the future in real-world applications. 

 Research regarding a method of determining the contact angle of a 

heterogeneous material should be conducted. This is because Washburn’s 

law requires the material’s contact angle for the capillary rise calculation 

and so for prediction and capillary rise modelling to continue an accurate 

method of obtaining this characteristic would be useful. 

 Develop Washburn’s law to take into account the effect of gravity. This 

would strengthen the accuracy and validity of the use of the equation in 

real world applications as it pertains to durability modelling vegetal 

concretes. 

 Explore the use of the Lambert W function or the Robert’s equation as a 

potential way of determining the capillary absorption of water against 

gravity (as is the case when water is absorbed vertically) 
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Appendix A – Bulk density results of vegetal concrete mixes 
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Appendix B – Capillary water absorption raw data 
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Appendix D – Carbonation profiles for all testing intervals 
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Appendix E – Dried mass change results from the cyclic weathering test 
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Appendix F – Interface prediction Matlab script 
 
close all 
clear all 
  
  
%% === Variables to set === 
RGBChannelAnalysis = 3; % 1 - Red, 2 - Green, 3 - Blue 
imgFileIdentifierString = 'G0';  
bSubImgNo = 1; 
medianFiltering = 25; 
verticalThreshold = [10 10 10 10 10 10 10 10 10 10 10 10 10 10 

10 10 10 10 10 10 10 10 10 10 10];  
vidOutName = 'test100'; 
pixelsizemm = 0.09633911; 
offsets = [0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 

0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 
0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 
0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 
0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 
0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 
0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 
0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 
0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 
0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 
0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 
0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 
0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 
0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 
0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 
0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 
0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 
0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 
0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 
0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 
0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 
0; 0; 0] 

bounds = [1555 2560; 925 1912];  
%% === Read in === 
dirFileNames = ls; 
 nFiles = size(dirFileNames,1); 
imgCounter = 0;  
for ii = 1:nFiles 
    isImageBool(ii,1) = 

strcmp(dirFileNames(ii,1:length(imgFileIdentifierString)),imgFileIde
ntifierString); 

    if isImageBool(ii,1) == 1 % if image is valid 
        imgCounter = imgCounter+1 
        imgFileNo(imgCounter,1) = 

str2double(regexp(dirFileNames(ii,:),'\d*','Match')); 
    end 
end 
  
 [~,imgNoIndex] = sort(imgFileNo); 
imgFnamesUnsorted = dirFileNames(isImageBool,:); 
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imgFnames = imgFnamesUnsorted(imgNoIndex,:); 
  
for ii = 1:imgCounter 
     
    disp(strcat('Pre-processing Image ',int2str(ii))); 
    scratchImg(ii).data(:,:,:) = 

double(imread(imgFnames(ii,:))); 
    imgB(:,:,ii) = scratchImg(ii).data(912:1979, 

1497+offsets(ii):2535+offsets(ii),RGBChannelAnalysis); 
    imgRGB(:,:,:,ii) = uint8(scratchImg(ii).data(912:1979, 

1497+offsets(ii):2535+offsets(ii), :));  
     
    clear scratchImg 
end 
   
%% --- Interface Prediction --- 
% preallocate 
intersectLine(1:size(imgB,2),1,1:imgCounter) = zeros; 
for ii = 1:imgCounter 
     
    imgBSub(:,:,ii)  = imgB(:,:,bSubImgNo) - imgB(:,:,ii); 
    if ii == bSubImgNo 
        jj=1; 
    else 
        imgBSubMedfilt(:,:,ii) = 

medfilt2(imgBSub(:,:,ii),[medianFiltering medianFiltering]); 
        for jj = 1:size(imgBSubMedfilt,2) 
             
            locMed{jj} = 

find(imgBSubMedfilt(:,jj,ii)>verticalThreshold(ii),1); 
            if isempty(locMed{jj}) == 1 
                intersectLine(jj,1,ii) = nan; 
            else 
                intersectLine(jj,1,ii) = locMed{jj}; 
                intersect_full = squeeze(intersectLine); 
                intersect_cut = intersect_full(30:976,:); 
                intersectLine_avg_height = nanmean(( 

intersect_cut), 1);  
            end 
        end 
    end 
     
    strcat('ii= ',int2str(ii),' jj= ', int2str(jj))     
     
end 
 
%% --- Write Video --- 
writerObj = VideoWriter(strcat(vidOutName)); 
writerObj.FrameRate = 30; 
open(writerObj); 
for ii = 1:imgCounter 
    figure 
    imshow(imgRGB(:,:,:,ii)) 
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    text(30,740, ['Mean Height = ' 
num2str(((intersectLine_avg_height(ii))*pixelsizemm)) 
'mm'],'FontSize',20) 

    hold on 
    plot(30:976, 

intersectLine(30:976,1,ii),':r','LineWidth',2) 
    legend('Interface Prediction') 
    
    axis on 
    xt=get(gca,'XTick'); 
    yt=get(gca,'YTick'); 
    set(gca, 'XTick', xt, 'XTickLabel', xt*pixelsizemm) 
    set(gca, 'YTick', yt, 'YTickLabel', yt*pixelsizemm) 
    xlabel('X (mm)') 
    ylabel('Z (mm)') 
    title(imgFnames(ii,:)) 
    drawnow 
    frame = getframe(gcf); 
    writeVideo(writerObj, frame); 
     
     
end 
close(writerObj); 
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Appendix G – Capillary absorption mass data 

 

 

 

 

 

 


