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Abstract 

   

A series of test panels were constructed to later form a test building at the Alternative 

Village, located on the University of Manitoba campus, in order to evaluate how 

hempcrete works as an infill insulation material.  This building fit into a test program that 

was already underway in which buildings of the same size differed only in the materials 

and construction of their walls.  The roof and floor structures were identical among them.  

The baseline building was constructed according to conventional industry practices.  

 



 

 i 

Acknowledgments 

First and foremost, I would like to thank Dr. Kris Dick, P. Eng., for his incredible wealth 

of knowledge, enthusiasm, unshakeable support, patience, and most importantly the 

genuine interest and caring he shows in everyone around him.  This last attribute cannot 

be overstated. 

 

I am grateful to have such an excellent examining committee in Dr. Ron Britton, P. Eng. 

and Dr. James Blatz, P. Eng. 

 

My colleagues and friends at the Alternative Village have been nothing short of stellar.  

You have all been quick to offer your insights and your strong backs during this project, 

and we have had many laughs along the way. Thank you: Luis Midence, Shawn Wiebe, 

Peter Hildebrand, Farhoud Delijani, Kathy Fedirchuk, Hossein Safavian, Jami Carter, 

Annette Kroeker, Grant Rayner, Peter Kidd, Ellen Whitmore, and Moe Yusim. 

 

I owe many thanks to the faculty and staff in the Biosystems Engineering department and 

Animal Science including:  Dr. Danny Mann, Dale Bourns, Robert Lavallee, Matt 

McDonald, Dr. Ying Chen, Evelyn Fehr, Debby Watson, Harry Muc, and Robert Stuski. 

 



 

 ii 

I would also like to thank Joel Malkoske at LaFarge for securing all of the fly ash, and 

Wally Empson at Emerson Hemp Distribution Company for the hemp hurds.  

 

I would not have made it this far without the encouragement and support of my friends 

and family.  Most notably I would like to thank my parents, Bob and Connie Pinkos and 

my beautiful wife, Laine Cringan. 

 



 

 iii 

Contents 

 

Front Matter 
Contents ..................................................................................................................................... iii 

List of Tables ............................................................................................................................. vi 

List of Figures ........................................................................................................................... vii 

Introduction ....................................................................................................................... 1 

1.1 Purpose of the Research .................................................................................................. 1 

1.2 Nature and Scope of the Problem ................................................................................... 1 

1.3 Research Objectives ......................................................................................................... 2 

1.4 General Description of Research Method ..................................................................... 2 

1.5 Organization of Thesis .................................................................................................... 3 

Literature Review ............................................................................................................. 4 

2.1 Introduction ...................................................................................................................... 4 

2.2 Binder Mix ........................................................................................................................ 5 

2.3 Hygrothermal Performance .......................................................................................... 10 

2.4 Mechanical Properties ................................................................................................... 12 

2.5 Conclusion ...................................................................................................................... 13 

 

 



 

 iv 

Materials and Methods ................................................................................................... 15 

3.1 Test Cylinders ................................................................................................................ 15 

3.2 Test Building Construction ........................................................................................... 20 

3.2.1 Wall Panel Frame Construction ................................................................................ 20 

3.2.2 Casting the Panels ..................................................................................................... 22 

3.2.3 Floor System, Panel Transport, and Placement ........................................................ 24 

3.3 Roof ................................................................................................................................. 27 

3.4 Heating System ............................................................................................................... 28 

3.5 Data Acquisition System ............................................................................................... 28 

3.6 Exterior Cladding and Inspection Windows ............................................................... 33 

3.7 Air Leakage .................................................................................................................... 35 

Results .............................................................................................................................. 37 

4.1 Test Cylinders ................................................................................................................ 37 

4.2 Wall Panels ..................................................................................................................... 38 

4.2.1 Thermal Performance ............................................................................................... 38 

4.2.2 Moisture Migration ................................................................................................... 41 

4.2.3 Power Consumption .................................................................................................. 43 

4.2.4 Air Leakage ............................................................................................................... 44 

4.3 Sorption .......................................................................................................................... 45 

Discussion ........................................................................................................................ 48 

5.1 Test Cylinders ................................................................................................................ 48 

5.1.1 Compressive Strength ............................................................................................... 48 

 

 

 



 

 v 

5.2 Wall Panels ..................................................................................................................... 51 

5.2.1 Thermal Performance ............................................................................................... 51 

5.2.2 Moisture Migration ................................................................................................... 52 

5.2.3 Power Consumption .................................................................................................. 54 

5.2.4 Air Leakage ............................................................................................................... 56 

Conclusions and Recommendations .............................................................................. 57 

References ................................................................................................................................. 60 

Appendix A – Data Analysis Method ..................................................................................... 63 

Appendix B – Wall Cross-Sections ......................................................................................... 68 



 

 vi 

List of Tables 

Table 3.1-1: Number of cylinders per binder mix ............................................................ 16	  

Table 4.1-1: Compression test results ............................................................................... 37	  

Table 4.2-1: Blower door test results ................................................................................ 44	  

Table 4.2-2: Air changes per hour based on volume and CFM50 .................................... 45	  

Table 4.3-1: Relative humidity of salt solutions ............................................................... 46	  

Table 5.1-1: Experimental value for comparison ............................................................. 49	  

 



 

 vii 

List of Figures 

Figure 3.1-1: Particle size distribution .............................................................................. 17	  

Figure 3.1-2: Breakaway mold ......................................................................................... 18	  

Figure 3.1-3: Curing cylinders in environmental chamber ............................................... 19	  

Figure 3.1-4: Cylinders ready for testing .......................................................................... 19	  

Figure 3.2-2: Plan view of building .................................................................................. 21	  

Figure 3.2-3: Formwork used ........................................................................................... 23	  

Figure 3.2-4: Tamping of the hempcrete .......................................................................... 23	  

Figure 3.2-5: Floor system of test building ....................................................................... 24	  

Figure 3.2-6: Connection for lifting apparatus ................................................................. 25	  

Figure 3.2-7: Lifting of a panel ......................................................................................... 26	  

Figure 3.2-8: Erection of walls in progress ....................................................................... 26	  

Figure 3.3-1: Roof system................................................................................................. 27	  

Figure 3.5-1: Components of sensor bundle ..................................................................... 29	  

Figure 3.5-2: Installation of temperature/Rh bundles ....................................................... 29	  

Figure 3.5-3: Replacement Rh sensor detail ..................................................................... 30	  

Figure 3.5-4: Replacement Rh sensors for outer and inner part of wall ........................... 30	  

Figure 3.5-5: Placement of new Rh sensors at mid-height of wall ................................... 31	  

Figure 3.5-6: Sensor locations .......................................................................................... 31	  



 

 viii 

Figure 3.5-7: Data acquisition system .............................................................................. 32	  

Figure 3.6-1: Preparing to clad the hempcrete building ................................................... 34	  

Figure 3.6-2: The completed building .............................................................................. 35	  

Figure 4.2-2: Temperature gradient through north wall at 6 am, January 20, 2012 ......... 39	  

Figure 4.2-3: Temperature gradient through north wall at 12 pm, January 20, 2012 ....... 39	  

Figure 4.2-4: Temperature gradient through north wall at 6 pm, January 20, 2012 ......... 40	  

Figure 4.2-5: Cumulative heater run time, Jan 20 - 26, 2012 ........................................... 40	  

Figure 4.2-6: Rh and temperature - inner hempcrete layer (Jan 20 - 26, 2012) ................ 41	  

Figure 4.2-7: Rh and temperature - inner hempcrete layer (Jan 20, 2012) ....................... 42	  

Figure 4.2-8: Rh and temperature - outer hempcrete layer (Jan 20 - 26, 2012) ................ 42	  

Figure 4.2-9: Power consumption from Feb 14 - June 30, 2012 ...................................... 43	  

Figure 4.2-10: Blower door test results ............................................................................. 44	  

Figure 4.3-1: Sorption curve for hempcrete ...................................................................... 47	  

Figure 5.1-1: Hempcrete cylinder after compression test ................................................. 50	  

Figure 5.2-1: Power consumption - points of interest ....................................................... 55 

Figure A-1: Illustration of how Young's modulus of elasticity was calculated………….64 

Figure B-1: Wall cross-sections showing sensor placement……………………………..68 

 

 



 

 

Chapter 1 

Introduction 

1.1 Purpose of the Research 

The purpose of this study was to assess the performance of hempcrete as infill insulation 

during Winnipeg’s frigid winter temperatures.  Three main aspects were looked at during 

the study: power consumption in the test building in comparison to that of a baseline 

building, the migration of moisture through the walls, and temperature gradient through 

the walls.     

1.2 Nature and Scope of the Problem 

Much research has been carried out on various aspects of using hempcrete as infill 

insulation including, but not limited to, mechanical properties and hygrothermal 

behaviour. While there has been testing in temperate climates such as the United 

Kingdom (Lawrence et al., 2012) research in a northern prairie climate like Manitoba is 

appropriate to gain insight in this material as an insulator.  
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1.3 Research Objectives 

The objectives of this study were to uncover information regarding the mechanism by 

which moisture migrates through a hempcrete wall and to assess its ability to resist heat 

transfer as determined by measuring power consumption for heating.   

1.4 General Description of Research Method 

The initial phase of the research was to determine a hempcrete mix.  Typically in Europe 

and the UK, a principal ingredient of the binder mix is hydraulic lime, produced in 

France.  Hydraulic lime is not locally available and has to be imported into Canada. This 

leads to higher input costs and embodied energy. In an effort to minimize the embodied 

energy, it was decided that local ingredients that could replicate the action of hydraulic 

lime would be evaluated.  As such, hydrated lime, Portland cement, and fly ash were 

chosen.  To get a sense of how each component affected the compressive strength of 

hempcrete, seven mix designs were developed in which the proportion of one of the three 

components was varied while keeping the other two constant.  Approximately 20 4-inch 

diameter by 8-inch tall cylinders were made of each mix and cured in an environmental 

chamber.  They were then tested in compression using a universal testing machine. 

  Once a mix design was chosen, construction of the wall panels commenced.  Twelve 

panels were constructed. Six panels were filled with the chosen mix and six panels with 

hempcrete using a commercially available binder mix.  The panels were placed such that 

the experimental mix was on the East side of the building and the commercially available 

mix on the West.  This was to ensure that both mixes get approximately the same sun 
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exposure throughout the day.  Temperature and relative humidity (Rh) sensors were 

placed halfway up three panels of each mix at the cardinal directions of the building.   

 The test building is part of a larger research program with 5 other test buildings that 

differ only in their respective wall construction and insulation.  It is equipped with an 

electrical resistance baseboard heater and thermostat to keep the interior temperature of 

the building constant.  Monitoring of the building included the temperature and relative 

humidity within the walls as well as the input energy required to run the heater.  These 

data were then compared to data obtained from the designated baseline test building 

where the walls were typical 2 x 6 stick frame construction and batt insulation.   

1.5 Organization of Thesis 

The organization of the remainder of the thesis is as follows: a literature review outlining 

research done regarding the mechanical properties of hempcrete and binder variations 

may be found in Chapter 2.  Chapter 3 provides the details of each of the phases of the 

research program.  Chapter 4 presents the results of the research and a discussion of those 

results appears in Chapter 5.  Lastly, the thesis is rounded out by the conclusion and 

recommendations found in Chapter 6. 
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Chapter 2 

Literature Review 

2.1 Introduction 

Due to the increasing awareness of environmental issues such as global warming and 

occupant health of the built environment, alternative building methods that address both 

of these problems are being explored.  The use of hemp lime concrete for building 

envelopes is the focus of this literature review.   

 Hemp is an environmentally friendly crop that does not require pesticides or 

herbicides to grow.  It also serves to absorb a significant amount of carbon dioxide during 

its growth process.  Because of its fast growth, ability to grow in both temperate and 

tropical climates, and strength, hemp has been used for centuries to make a variety of 

items such as rope, paper, clothing, and sails (Province of Manitoba 2007).  More 

recently, research has been conducted on a building material utilizing hemp known as 

hemp lime concrete or hempcrete.         
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 After the removal of the outer bast fibre, the remaining woody core of the hemp stalk, 

referred to as hurd or shives, has either been used for animal bedding or simply burned.  

The use of the hemp hurd in hempcrete can now provide extra value to the hemp grower.  

 The resurgence of hemp in contemporary concrete mixes first occurred in the early 

1990's, in France, with the goal being to lighten conventional concrete using hemp chips 

(Evrard et al. 2006).  Since then, much research has been carried out regarding the 

mechanical properties of hemp reinforced concrete as well as the different binder mixes 

that may be used.  This literature review has been organized to illustrate the research that 

has been done for specific mechanical properties of hemp lime concrete as well as 

variations in the binder mix. 

 

2.2 Binder Mix  

Due to the relatively wide variation in what is considered hempcrete, the binder mixes 

used may vary both in terms of the components used as well as the relative proportions of 

each.  Two studies that were reviewed included one that looked at the effect of varying 

the proportions of three components while the other looked at the properties of a binder 

with an added organic admixture. 

 A study by de Bruijn et al. (2009) examined the effect of varying the proportions of 

hydrated lime, hydraulic lime, and Portland cement.  The composition of the hemp used 

by weight was 35% fibres, 62% shives (hurds), and 4% dust.  The moisture content of the 

hemp was determined by drying samples in an oven for 24 hours at 105ºC and then 
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weighed.  The moisture content was found to be 13.3% by weight.   The researchers used 

5 binder mixes in total and noted how these variations affected the strength of their test 

specimens.  

 Two sets of differently shaped hempcrete samples were made during the study.  The 

samples consisted of cubes measuring 150 mm on all sides, and 300 mm long cylinders 

with a diameter of 150 mm.  All samples were removed from their molds after 2 days of 

curing at 20ºC.  They were then cured for another 12 weeks at an average temperature of 

19.7ºC and relative humidity between 75-95%.  The samples were then subjected to 4.5% 

carbon dioxide for 40 days at 20ºC and relative humidity of 50% to accelerate the 

carbonation process.  

The cubes were used to determine how much water the hempcrete absorbed and 

were later put through freeze-thaw cycles before being tested under a compressive load.  

Five cube samples of each mix were saturated in water for 24 hours and then put through 

25 freeze-thaw cycles.  The freezing cycles were for 12 hours at -20ºC while the thawing 

cycles were for 12 hours at 20ºC. 

 The cylindrical samples were used for testing both compressive and splitting strength.  

Six samples from each mix were tested under compression and three samples from each 

mix were tested for their splitting strength. 

All of the test results seem to show the same general pattern where the mixes with the 

cement binder increase in strength as more cement is present.  It appears that the 

hydraulic lime is more significant in providing strength than hydrated lime for the mixes 

where there is no cement binder. 
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 The study by Magniont et al. (2010)  looked specifically at the binder mix itself.  A 

follow-up study will look at the performance of this binder when used with light 

vegetable aggregates including hemp and sunflower stalks.  The binder was composed of 

hydraulic lime, metakaolin, and an organic admixture, called glycerol carbonate (GC).  

The components of the binder mix were chosen in order to reduce the production of CO2 

during the manufacturing process of the binder materials.  Hydraulic lime, a traditional 

component of binder mixes and mortars, is produced by calcinating and slaking pure 

limestone that contains clay and other impurities.  Specifically, NHL5, referred to as 

eminently hydraulic lime, was used in the binder mix.  Metakaolin is a pozzolanic 

material produced by flash calcinating kaolinite, a clay mineral.  The researchers chose to 

replace 50% of the hydraulic lime with metakaolin to reduce the overall carbon emissions 

associated with the binder. Glycerol carbonate, the prime focus of the study, is derived 

from a compound that results from the chemical conversion of vegetable oils.  The 

researchers chose it for its effect of rapidly hardening the binder as well as reducing 

dimensional shrinkage.  The primary aim of their research was on the effect that glycerol 

carbonate has on fresh and hardened states of their binder mix. 

 While fresh, the yield stress, conductivity, pH, and concentration of organic 

compounds of the binder were examined.  The latter three investigations were performed 

on a diluted form of the paste to give the researchers some insight into the interactive 

mechanisms between the binder and glycerol carbonate.   

 An Anton Paar rheometer was used to test the yield stress.  This device measures how 

a liquid or slurry flows when forces are applied to it.  The water to binder ratio had to be 

increased initially from 0.50 to 0.58 to ensure greater fluidity.  Two versions of the binder 
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were tested, one with no glycerol carbonate (the control) and the other with a 1 wt.% 

dosage added.  Yield stress measurements were taken at 0, 5, 11, and 15 minutes after 

being transferred to the rheometer.  

 The yield stress for both pastes remained constant after sitting up to 5 minutes.  The 

yield stress of the paste with 1 wt.% dosage of glycerol carbonate increased sharply for 

the remainder of the sample times.  This would seem to suggest that the glycerol 

carbonate does in fact have an effect on the physical structure of the binder mix. 

 Monitoring of the conductivity and pH of the binder mix was performed using the 

Vernet conductometric method.  A double-wall reactor, kept at 20°C, was used to take 

continuous measurements of conductivity and pH over a 24-hr period.  Two diluted 

solutions consisting of 50% NHL and 50% metakaolin were tested.  Both the control and 

glycerol carbonate enriched solutions had a water to solid ratio of 3 and the glycerol 

carbonate dosage was increased to 4 wt.% to better see interactions between the other 

components.   

 Magniont et al. (2010) noted that both solutions reach a maximum conductivity after 

10 hours and the decrease following the maximum is due to precipitation of portlandite.  

The early-age drop in conductivity of the glycerol carbonate solution is likely due to a 

reduction in ion content of the solution.  This is associated with the formation of a solid 

precipitate.   

 The pH of the glycerol carbonate solution is also much lower than the control for the 

first 5 hours.  Further to the conductivity results, this suggests that the addition of 

glycerol carbonate appears to affect the interaction of the binder materials. 
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 The authors also investigated the effect that glycerol carbonate had on the binder 

paste in terms of reducing total and endogenous shrinkage.  They found that after 330 

days total shrinkage and endogenous shrinkage were reduced by 30% and 85% 

respectively as compared to a control binder paste with no glycerol carbonate added.  

They found that the weight loss for the GC and control pastes were 21% and 22.6% 

respectively.  Despite the closeness of these results, the GC paste reached its final weight 

after 20 days while the control paste took more than 60 days. 

     The researchers evaluated the compressive strength of both the control and glycerol 

carbonate binder paste.  Specifically, they looked at the compressive strengths from 2 to 

49 days and 9 to 240 days.   

 From 2 to 5 days, the compressive strength of the control and GC pastes remain 

similar but beyond that the strength of the GC paste increases by about 50%.  

 The compressive strengths of the control and GC pastes increase up to the 50 day 

mark before falling again.  At roughly 140 days, the control and GC pastes intersect 

where they both continue to increase in strength until 165 days where the GC paste 

begins to lose compressive strength.  Magniont et al. (2010) proposed that the longer-

term performance of the GC paste is related to the effect that glycerol carbonate has on 

the carbonation process of the paste.  

 It appears that the addition of glycerol carbonate has a positive effect on the binder 

paste as it minimizes endogenous and total shrinkage and increases early-age strength and 

hardening.  It will be interesting to see the results of the second phase of the research 

when the researchers test their binder with vegetable fibres including industrial hemp.   
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2.3  Hygrothermal Performance 

Arnaud (2009) sought to compare the heat and mass transfer characteristics between 

hemp lime concrete (HLC), aerated autoclaved concrete (AAC), and vertically perforated 

brick (VPB).  The binder mix used for the HLC was the commercially available Tradical 

PF70.  The aerated autoclaved concrete was composed of fine sand, lime, and hydrated 

cement.  During production, an expansion process was employed to create bubbles of 

about 1 mm in diameter.  These voids made up more than 50% of the overall volume.  

Extruding porous clay produced the vertically perforated brick.   

 The thermal conductivity of the hemp lime concrete was determined using a “thermal 

guarded box device”.  This setup consisted of two thin copper plates that covered the top 

and bottom faces of the sample measuring 27x27x5 cm. The ambient temperature was 

kept at 0ºC while a copper plate that was regulated by a rheostat heated the upper face of 

the sample. The upper plate was kept at a specific, constant heat for 12 hours and the 

bottom plate was monitored for temperature. This method prevented the bottom plate 

from heating due to convection.  The thermal conductivity of both wet and dry hemp lime 

concrete was also modelled using the Self-Consistent Method (SCM). Comparisons were 

made between experimental results using different mix proportions and for a wide range 

of ambient RH to those of the SCM.   

The experimental results and model simulations coincide nicely.  The thermal 

conductivity increases as both the density of the hemp lime concrete and relative 

humidity increase.    
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 The hygrothermal properties of the three wall materials were tested using a “cell of 

exchange”.  The test setup involved placing a vertical test section, 30 cm thick, with one 

side exposed to a climate chamber while the opposite side was exposed to the ambient 

conditions of the laboratory.  The conditions within the climate box could be varied from 

0-40°C and 20-95% RH.  Five sensors were used to measure temperature and relative 

humidity.  One sensor was used to measure at the following locations: the ambient 

conditions of the climate box as well as the laboratory, the sides of the test sample 

exposed to the climate box and laboratory, and within the sample.  Measurements were 

taken every 30 minutes with the temperature and relative humidity having been changed 

every 24 hours.  

 Arnaud (2009) noted that as the temperature in the climate box was varied, the 

temperature within the hemp lime concrete sample quickly reached a steady-state with an 

overall temperature variation of about 4.6°C, unlike the aerated autoclaved concrete and 

vertically perforated brick. 

 The hemp lime concrete test sample has a larger variation in relative humidity within 

its core compared to the other samples.  The relative humidity for the other materials 

remains relatively constant thus demonstrating that hemp lime concrete manages water 

differently. 
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2.4  Mechanical Properties 

Hirst et al. (2010) studied the effect of density on the stiffness and strength of hemp lime 

concrete.  They prepared 45 cylinders in total that varied by density (220, 275, and 330 

kg/m3), using three different commercially available binders, and were tested at 28 and 

91 days of age.  Two of the binders used are manufactured by Tradical and are labelled 

THB-A and THB-B.  The third binder is made by St. Astiers called Batichanvre and is 

labelled BC.   

 THB-B was used as the control binder due to its widespread use in the UK 

construction industry to compare the mechanical differences as density of the hemp lime 

concrete was varied.  This binder was also used for specimens tested at 14, 28, and 91 

days.  Specimens made with THB-A and BC were only tested at a density of 275 kg/m3 

and at ages of 28 and 91 days.   

 The corresponding wet mix density was required in order to achieve the required dry 

mix density (after 91 days of curing at 20°C and 60% RH) of the hemp lime concrete 

specimens.  Three different wet densities were achieved by making three specimens for 

each density where the compaction of the material was varied.  The specimens were then 

placed in an oven at 105°C and were removed after there were no more changes in mass.  

Once removed from the oven, a nominal moisture content of 7% was added to the 

specimen mass to approximate the mean moisture content of hemp lime concrete after 91 

days of curing according to Evrard (2003).  Further, the required wet mass proportions 

could be calculated in order to achieve dry densities of 220, 275, and 330 kg/m3 at 91 

days.  The actual achieved dry densities were ultimately 221, 278, and 342 kg/m3.  
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 The test specimens, which measured 150 mm in diameter and 300 mm tall, were 

capped using rapid-hardening dental plaster.  A DARTEC machine was used to apply the 

loads and collect data during the compression tests with a displacement rate set to 3 

mm/min until failure.  100 g of each test sample was removed after testing and placed in 

a drying oven to determine the moisture content at the time of testing.  

 It should be noted that the corresponding wet binder mix percentage for the dry 

densities of 220, 275, and 330 kg/m3 were 75, 79, and 84% by weight.  According to the 

researchers, the increase in strength from 14 to 28 days was likely due to the formation of 

hydrate minerals during the hydraulic phase of the binder.  From 28 to 91 days there was 

no significant increase in strength that may be attributed to carbonation of the lime in the 

binder.  

 As expected by the researchers, the stiffness of the specimens increased as the density 

increased.  At lower densities, the stiffness was low but likely increased as carbonation of 

the lime in the binder took place. 

The compressive strength of the test cylinders made with THB-A are the greatest after 

28 days of curing.  The average strengths at 91 days for THB-A, THB-B, and BC were 

found to be 0.093, 0.052, and 0.057 MPa respectively. 

2.5  Conclusion 

The scope of this review has shown that hemp-based concrete is better suited to lighter 

load applications.  The use of Portland cement in the binder has a significant role in 

providing strength to the concrete in comparison to only lime-based binders.  However, 
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because of the large amount of CO2 that is generated in the production of Portland 

cement and even hydraulic lime, researchers are beginning to seek out other admixtures 

such as glycerol carbonate and metakaolin to reduce the carbon footprint while increasing 

early age strength.  More research is required to identify the binder components and 

proportions as well as other possible additives to increase the compressive strength to 

allow hemp lime concrete to function as a load bearing material.   

 Hempcrete has been shown to quickly reach steady state temperatures within a test 

wall and has a wider variation in relative humidity when compared to more conventional 

materials such as aerated autoclaved concrete and vertically perforated brick.  More 

research will be required to study how the moisture migration occurs.   
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Chapter 3 

Materials and Methods 

3.1 Test Cylinders 

The initial phase of the research program was to determine a useable binder mix design 

using locally available ingredients.  It was decided that various proportions of hydrated 

lime (L), Portland cement (C), and fly ash (F) would constitute the binder in the test 

cylinders to compensate for the absence of hydraulic lime due to its high embodied 

energy from transportation.  In total, seven different mix designs were prepared and are 

listed in Table 3.1-1. 
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Table 3.1-1: Number of cylinders per binder mix 
Binder Mix (1) No. of Cylinders 

LCF111 18 
LCF11½ 19 
LCF110 19 
LCF½11 17 
LCF011 20 
LCF101 17 
LCF1½1 17 

Note:  (1)  0, ½, and 1 denote the relative proportion of 
each binder component 

 

Approximately 20 test cylinders per mix design were produced to test in compression.  

By volume, the hurd to binder ratio for each of the mixes was 4 parts hemp to 1 part 

binder to approximately 1 part water.  It is important to note that the hempcrete mixes 

were based on volumetric ratios because in the field, making batches of hempcrete by 

volume would be much more practical than doing so on a mass basis.  The hemp hurd 

used was grown in Manitoba and processed by Emerson Hemp Distribution Company in 

Emerson, Manitoba.  A sieve analysis was performed to identify the particle size 

distribution.  The results of the analysis are shown in Figure 3.1-1.  
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Figure 3.1-1: Particle size distribution 
Pinkos et al., 2011 

 

The intent was to use a grade of hemp hurd that had gone through minimal processing to 

reduce the amount of waste material produced and energy input. 

Adapting ASTM standard C684-99(2003) for testing concrete cylinders, the test 

specimens were 10 cm in diameter and 20.3 cm tall (4 inch by 8 inch).  Hempcrete can 

crumble, thus using conventional concrete test moulds was not practical. A breakaway 

mold (Figure 3.1-2) was developed for this research using PVC tubing and plumbing 

fittings.  This allowed the forms to be stripped immediately after casting. This let the 

hempcrete both cure and dry.  Laboratory tests confirmed that hemp hurds can absorb 3 

to 4 times their weight in water within 5 minutes.  Once mixed there is a moisture 

demand for the hydration process and drying of the hurd. 
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Figure 3.1-2: Breakaway mold 
Pinkos et al., 2011 

 

The cylinders were exposed to 7 days in a high humidity environment (93% Rh, 20°C) to 

facilitate adequate activation of the binder followed by 7 days in a higher temperature, 

low humidity environment (30% Rh, 40°C) to reduce the moisture content of the hurd.  

Figure 3.1-3 shows several sets of cylinders during the curing phase in an environmental 

chamber. 
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Figure 3.1-3: Curing cylinders in environmental chamber 
Pinkos et al., 2011 

 

Once cured, the cylinders were capped using a sulphur-based compound to allow 

compressive loads to be distributed uniformly across the entire surface to which the load 

is applied.  The cylinders were tested using an ATS universal testing machine.  The 

compressive loading rate was set at 5 mm/min.  

 
Figure 3.1-4: Cylinders ready for testing 
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3.2 Test Building Construction 

3.2.1 Wall Panel Frame Construction 

Twelve wall panels were constructed in a heated space starting in January of 2011.  The 

panels were designed with a lap joint at each end to minimize wood thermal bridging.  

Figure 3.2-1 shows a panel frame with rough door opening as well as a typical frame. All 

of the panels were fabricated with the same dimensions and were rotated 180 degrees to 

lap together. The dimensions of the lap joint were such that corners could be formed 

without any modifications. 

 
Figure 3.2-1: Wall panel structural frames 
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The top and bottom plates were made using 1-3/4”x11-7/8” - 2950 fib, 1.5E laminated 

veneer lumber (LVL) because of its higher strength and greater dimensional stability 

compared to that of conventional lumber.  The primary vertical members were standard 

Spruce Pine Fir (SPF) No. 1/2 2 x 6s.  SPF stud-grade 2 x 4s were used to frame the 

doorway. 

 Figure 3.2-2 shows a plan view of the wall panels in which the vertical members are 

shown.  Thermal bridging is limited to the corners of the building in this configuration.  

The test building consists of two hempcrete mixes, each using a different binder.  One 

binder mix was chosen from those used in the compression tests (LCF1½1) while the 

other, iBinder, is commercially available in North Carolina.  The building was divided 

along the North-South axis to allow each hempcrete mix to have approximately the same 

amount of sun exposure.   

 
Figure 3.2-2: Plan view of building 
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3.2.2 Casting the Panels 

It was found that during the mixing of hempcrete for the cylinder tests, using a rotating 

drum concrete mixer with hemp that was richer in bast fibre, tended to create dense 

masses of hempcrete that required manual separation prior to being poured into the 

molds.  This phenomenon was reduced while using a paddle mortar mixer (made by 

Crown Industries).  This mixer was chosen because, as opposed to a conventional cement 

mixer, the paddles rotate while the drum remains stationary creating a shear force in the 

mix thereby providing more homogeneity and less clumping. Another advantage is the 

mortar mixer can handle much larger batches thus increasing the efficiency of 

production.  

The hempcrete was poured into 2 foot high slip forms in lifts of 6-8 inches at which 

point the inside and outside external faces were hand tamped to create a smoother and 

relatively void-free surface to allow for the easier and eventual application of plaster.  

The middle portion of the hempcrete was left fluffy so that it would trap more air and 

increase its resistance to heat transfer.  Figures 3.2-3 and 3.2-4 show the formwork and 

tamping respectively. 
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Figure 3.2-3: Formwork used 

 

 
Figure 3.2-4: Tamping of the hempcrete 
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The top plates were left in place for the casting of all but the final lift.  This was done to 

maintain alignment of the vertical load bearing members.  Figure 3.2-4 shows the casting 

of the top portion of the final lift of a wall panel.   

 Thermocouple/Rh sensor bundles were placed at mid-height of specific panels during 

casting. These are discussed in greater detail in section 3.4.   

 

3.2.3 Floor System, Panel Transport, and Placement 

In the summer of 2010, prior to the construction of the hempcrete wall panels, the floor 

system was put in place.  It consists of 9 - 18” x 18” x 8” concrete pads with 3 - 4-ply 

laminated 2” x 8” beams and 2 - 4’ x 8’ x 9” structural insulated panels (SIPs) which 

were reinforced along their perimeters to better handle the applied building and roof 

loads.  Figure 3.2-5 shows the floor system. 

 
Figure 3.2-5: Floor system of test building 
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Once the wall panels had cured for 4-5 weeks, they were brought to the building site, 

one by one, using a forklift as each panel weighed approximately 800-900 pounds.  Two 

frames were left empty, one containing the rough opening for the entrance door and the 

other a typical panel on the south side where the panels connected.   The empty frame for 

the typical panel was the first to be set in place on the SIP floor and acted as the 

cornerstone for the remaining panels.  An articulated loader was used to lift the remaining 

panels into place with aircraft cables that ran through the height of the panel and were 

attached to the bottom plate by eyebolts.  Figure 3.2-6 shows the eyebolts and aircraft 

cable attached to the bottom plate of a wall panel.  

 
Figure 3.2-6: Connection for lifting apparatus 
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Figures 3.2-7 and 3.2-8 show the panel installation in-progress. 

 
Figure 3.2-7: Lifting of a panel  

 

 
Figure 3.2-8: Erection of walls in progress 
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Figure 3.2-7 shows the first full wall panel that was placed onto the floor system.  One of 

the wire ropes, used to lift the panel, broke.  A closer inspection of the rope appeared to 

indicate that during the curing process the hempcrete mix corroded the rope.  Fortunately, 

this was the only instance of a wire rope failing during the placement of any of the wall 

panels.   

 The doorway panel and the connecting panel frames on the north and south walls 

respectively, were completed in place once the roof was installed and the building was 

weather tight. 

3.3 Roof  

The roof for the test building consisted of 9- monoslope trusses spaced at 2 feet on centre.  

Figure 3.3-1 shows the overall roof design.  

 

 

Figure 3.3-1: Roof system  
Drawing by Professor Kris Dick 
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As can be seen in the diagram, R40 batt insulation is specified.  In the actual test 

building, 16” of blown-in cellulose was used along with 6 mil vapour barrier and ½” 

gypsum wall board attached to the underside of the bottom chord. 

 

3.4 Heating System  

Heat was provided to the test building with a nominal 2000W electrical resistance 

baseboard heater. The actual output was determined by measuring the line voltage and 

amperage.  A clamp meter was used for this measurement. The voltage was found to be 

208 volts with amperage of 7.28 amps, resulting in an actual heater output of 1514 watts. 

3.5 Data Acquisition System 

The following equipment was used to monitor the temperature and relative humidity 

within the walls of the building including the inside and outside ambient conditions: 

• Agilent 34972A LXI data switch 

• 2 Multiplexer 34901A 20 Channel Multiplexer and I multifunction board 

• Optic-coupler 

• Honeywell HIH-3000 relative humidity sensors 

• T-type thermocouples 

Figures 3.5-1 and 3.5-2 show the housing of the thermocouple/Rh sensor bundle and their 

positions at mid-height of the hempcrete wall respectively. 
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Figure 3.5-1: Components of sensor bundle 
 

 
Figure 3.5-2: Installation of temperature/Rh bundles 
 

It became evident during the start of the monitoring phase that the Rh sensors had ceased 

working.  It is speculated that this is likely due to the corrosive environment within the 

wall.  New sensors housed in supply tubes were then inserted into the wall at 2” and 10” 
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from the inside wall surface.  Figures 3.5-3 and 3.5-4 show the configuration of the 

sensors. 

 
Figure 3.5-3: Replacement Rh sensor detail 

 

 
Figure 3.5-4: Replacement Rh sensors for outer and inner part of wall 
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Figure 3.5-5: Placement of new Rh sensors at mid-height of wall 

 

Figure 3.5-6 shows a plan view of the building and indicates the approximate locations of 

the sensors used. 

 
Figure 3.5-6: Sensor locations 
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The data acquisition system shown below in Figure 3.5-7 was configured to collect 

sensor readings at 60-minute intervals.  Totalizer readings were taken for each interval 

along with temperature and relative humidity.  An optic-coupler was wired into the 

electrical feed upstream of the baseboard heater.  The function of this device was to send 

a signal to the totalizer, on the multifunction board of the data acquisition system, for 

every instance the heater turned on during each scanning interval.  The totalizer summed 

up these signals from the optic-coupler and reported them in cycles. 

 

 
Figure 3.5-7: Data acquisition system 
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3.6 Exterior Cladding and Inspection Windows 

The exterior of the building was covered with Typar building wrap.  This was done for 

two reasons. Typically, the exterior of hempcrete is covered with a lime or earth-based 

plaster, however it was of interest to investigate building performance with an air barrier 

such as Typar. One of the challenges with alternative mass wall systems is that regulatory 

agencies, building inspection and plan examination departments, refer to the National 

Building Code of Canada for residential structures. The code requires an air barrier based 

on conventional wood frame construction. It is the opinion of the researchers that air 

barrier could be detrimental to the performance of a hempcrete mass wall system, but in 

the absence of any research this was an opportunity to investigate the performance. 

Vertical strips of 1.5” x 5/8” OSB were attached to the vertical members of the walls 

followed by nominal 1”x4” SPF horizontal strapping. A wood-based sheathing product 

was attached to the horizontal strapping to provide an air gap between the hempcrete and 

cladding.  This gap is typically referred to as a rainscreen. Figure 3.6-1 shows the 

building ready for cladding. 
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Figure 3.6-1: Preparing to clad the hempcrete building 
 

Cut-outs in the cladding and building wrap were made in the North and South walls to 

allow observation of moisture migration through the wall.  Figure 3.6-2 shows the 

finished building complete with inspection windows on the North wall.   



   35 

 

 

 
Figure 3.6-2: The completed building 

 

3.7 Air Leakage 

As a further basis for comparison, the air tightness of both the hempcrete and fibreglass 

batt buildings were assessed.  A blower door test was performed such that a powerful fan 

assembly was temporarily sealed in the exterior doorway and was oriented so that it 

pulled air out of the building creating a pressure differential between the inside of the 

building and the outside, with the inside of the building being under negative pressure.  

Air is drawn into the building through holes/cracks in the building envelope as a result.  

The blower fan has sensors that measure the volume of air that is being removed per unit 

time.  The fewer holes a building has in its envelope, the less air the blower fan has to 
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remove to achieve the desired pressure differential.  A series of increasing pressure 

differentials were recorded and the amount of airflow being pulled by the fan to achieve a 

differential of 50 Pa was used for the comparison.   
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Chapter 4 

Results 

4.1 Test Cylinders 

The results of the compression tests on the hempcrete cylinders can be found in Table 

4.1-1. 

Table 4.1-1: Compression test results 

    Compressive Strength   Young's Modulus 
Binder Mix 

(1),(2) 
No. 

Cylinders (MPa) 

 

(MPa) 

    Mean SD(3) COV(4)   Mean SD COV 
LCF111 18 0.166 0.051 0.31 

 
9.51 4.97 0.52 

LCF11½ 19 0.138 0.016 0.12 
 

6.08 3.03 0.50 
LCF110 19 0.200 0.036 0.18 

 
6.58 3.22 0.49 

LCF½11 17 0.116 0.014 0.12 
 

8.77 1.95 0.22 
LCF011 20 0.198 0.053 0.27 

 
15.68 3.56 0.23 

LCF101 17 0.082 0.019 0.24 
 

2.40 0.72 0.30 
LCF1½1 17 0.122 0.032 0.26   6.63 1.59 0.24 

Note: (1)  L, C, and F denote Type S hydrated lime, Type 1 Portland cement, and Class C 
fly ash respectively 

 (2) 0, ½, and 1 denote the relative proportion of each binder component 
 (3)  Sample standard deviation 
 (4)  Coefficient of variation based on normal distribution 
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4.2 Wall Panels 

4.2.1 Thermal Performance 

Figures 4.2-1 to 4.2-4 provide a snapshot of the temperature gradient through the north 

walls of the hempcrete and fibreglass buildings at 12 am, 6 am, 12 pm, and 6 pm 

respectively.  The locations of the sensors were normalized to account for the difference 

in wall thickness.  Figure B-1 in Appendix B provides details on the wall construction 

and sensor placement for both buildings.  Figure 4.2-5 provides the cumulative heater run 

time.  Note that the data points in Figures 4.2-1 to 4.2.4 at 0 and 1 along the x-axis 

represent the ambient outdoor and indoor sensors, respectively. 

 

 
Figure 4.2-1: Temperature gradient through north wall at 12 am, January 20, 2012 
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Figure 4.2-2: Temperature gradient through north wall at 6 am, January 20, 2012 

 

 
Figure 4.2-3: Temperature gradient through north wall at 12 pm, January 20, 2012 

-‐30	  

-‐20	  

-‐10	  

0	  

10	  

20	  

30	  

0	   0.2	   0.4	   0.6	   0.8	   1	  

Te
m
pe

ra
tu
re
,	  d

eg
re
es
	  C
	  

Normalized	  loca5on	  through	  wall	  

LCF	  

iBinder	  

Fibreglass	  

-‐30	  

-‐20	  

-‐10	  

0	  

10	  

20	  

30	  

0	   0.2	   0.4	   0.6	   0.8	   1	  

Te
m
pe

ra
tu
re
,	  d

eg
re
es
	  C
	  

Normalized	  loca5on	  through	  wall	  

LCF	  

iBinder	  

Fibreglass	  



   40 

 

 

 
Figure 4.2-4: Temperature gradient through north wall at 6 pm, January 20, 2012 

 
 

 

 
Figure 4.2-5: Cumulative heater run time, Jan 20 - 26, 2012 
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4.2.2 Moisture Migration 

Figures 4.2-6 and 4.2-8 show the variations in the relative humidity at the inner and outer 

layers of the hempcrete along with the associated ambient relative humidity and 

temperature for the period of January 20 to 26, 2012.  Figure 4.2-7 shows the data for a 

typical day in Figure 4.2-6 for clarity. 

 
Figure 4.2-6: Rh and temperature - inner hempcrete layer (Jan 20 - 26, 2012) 
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Figure 4.2-7: Rh and temperature - inner hempcrete layer (Jan 20, 2012) 

 
 

 
Figure 4.2-8: Rh and temperature - outer hempcrete layer (Jan 20 - 26, 2012) 
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4.2.3 Power Consumption 

The power consumption of each building from February 14, 2012 through to June 30, 

2012 was recorded and summarized in Figure 4.2-9.  This graph shows the cumulative 

power consumption for both buildings along with the ambient outdoor temperature 

during this time period. 

 
Figure 4.2-9: Power consumption from Feb 14 - June 30, 2012 
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4.2.4 Air Leakage 

The raw data from the blower door tests are shown in Table 4.2-1 and Figure 4.2-10.   

Table 4.2-1: Blower door test results 

Hempcrete   Fibreglass Batt 
"C" Ring 

 
"D" Ring 

Delta P Flow Rate 
 

Delta P Flow Rate 
(Pa) (CFM) 

 
(Pa) (CFM) 

20.5 88 
 

31.1 30 
25.9 108 

 
40.6 36 

34.0 125 
 

40.3 37 
43.5 148 

 
49.9 42 

50.2 166 
 

60.5 48 
51.2 165 

 
60.1 49 

59.5 186 
 

70.3 54 
70.0 199 

 
70.3 55 

71.4 202   70.4 56 
 

 

  
Figure 4.2-10: Blower door test results 
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The air changes per hour for each building as derived from their respective interior 

volumes and CFM50 values are shown in Table 4.2-2 below. 

Table 4.2-2: Air changes per hour based on volume and CFM50 

Building   Volume   CFM50   ACH50 
  

 
(ft3) 

 
(ft3/min) 

 
(air changes/hr) 

Hempcrete 
 

1458 
 

159.94 
 

6.58 
Fibreglass   1800   62.39   2.08 

 

 

4.3 Sorption 

Whitmore (2011) developed a sorption curve for the hempcrete mix used in the test 

building to gain an understanding of the relationship between the moisture content of 

hempcrete (LCF1½1) and the relative humidity to which it is exposed.  This was 

achieved by placing 5.1 cm by 5.1 cm hempcrete cubes over a salt solution that produces 

a known relative humidity in a closed desiccator.  Five different salt solutions were used.  

Embedded within each cube was a Honeywell H1H-4000 relative humidity sensor. Table 

4.3-1 lists the salt solutions that were used along with the theoretical and measured 

relative humidity. 
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Table 4.3-1: Relative humidity of salt solutions 

Salt Solution 
Relative Humidity (%) 

Theoretical(1)  Measured(2) 

Potassium Dichromate 98.2 
 

100.0 
Sodium Chloride 75.5 

 
77.0 

Magnesium Nitrate 52.9 
 

50.2 
Magnesium Chloride 33.0 

 
30.3 

Potassium Acetate 23.5   26.5 
Note: (1) Reference temperature, 25°C 

 (2) Ambient temperature, 23.5°C 

Reproduced from Whitmore, 2011 
 

The cubes were kept in the desiccators until their internal relative humidity reached 

equilibrium with that of the desiccator.  The cubes were then weighed immediately after 

removal from the desiccator and then placed in a drying oven set to 104°C and weighed 

again once the dry weight stabilized.  The moisture content of the cubes was then 

calculated by subtracting the dry weight from the wet weight.  Figure 4.3-1 provides the 

results. 
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Figure 4.3-1: Sorption curve for hempcrete 
Reproduced from Whitmore, 2011 

 

Ranges in moisture content outlining the onset of mold growth for wood may be 

considered until further research is conducted because the hurd is predominantly 

cellulose.  The sorption curve shows that the moisture content of the hempcrete at 98% 

relative humidity is not much greater than 12% (dry basis). Since the hurd is essentially a 

cellulosic material, the author believes that a moisture content below 20% dry basis is 

considered to be a reasonable threshold for decay (SWST, 1982). 
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Chapter 5 

Discussion 

5.1 Test Cylinders 

5.1.1 Compressive Strength 

Table 4.1-1 shows that regardless of the mix design hempcrete is weak in compression 

especially when compared to conventional concrete, which typically ranges from 20 – 40 

MPa (Chaallal et al., 2010). However, while the name hempcrete implies a concrete-like 

material, this comparison is not considered appropriate. The strongest mix appears to be 

LCF110 with a mean compressive strength of 0.200 MPa and the weakest mix is LCF101 

at 0.082 MPa.  The general trend indicates that mixes with a full share of Portland cement 

tend to be stronger and have a higher modulus of elasticity.   

A phenomenon that may have a strong effect on reducing the compressive strength of 

hempcrete is that of “flouring” where the binder mix has not reacted completely with 
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water anywhere except for the outer surface of the test cylinder.  It became evident during 

the compressive tests that the binder mix in the interior of each cylinder was largely in 

powder form.  It is hypothesized that the hemp hurds and binder mix are in direct 

competition with each other for the water that is added during the mixing process since 

hemp hurd has the capacity to absorb 3-4 times its weight in water within 5 – 10 minutes 

as was determined prior to configuring the mix designs.  The hydration process does not 

appear to continue long enough to effectively form bonds as a result.  It seems likely that 

the time that the cylinders spent in the high humidity environment during the curing stage 

was only a benefit to the outer surface of the cylinder. 

 The results in Table 4.1-1 are briefly summarized and included along with results 

from other research in Table 5.1-1 below. 

Table 5.1-1: Experimental value for comparison 

  
Range in 

Compressive 
Range in 
Young's 

Average 
Density 

Researcher Strength (MPa) Modulus (MPa) (kg/m3) 
Pinkos 0.082 - 0.200 2.402 - 15.677 418 

de Bruijn 0.150 - 0.830 12.650 - 49.400 587-733 
Hirst 0.054 - 0.081 3.300 - 12.000 275 

 

The values achieved for compression strength appear to be on par with those of other 

researchers using different binder mixes.  The relationship between the density and 

compressive strength appears to be directly proportional.  This might suggest that the 

actual binder does not have as significant an effect on compressive strength as one might 

expect.  Young’s modulus appears to have a much wider range in values but also appears 

to have a proportional relationship to density.  
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Figure 5.1-1 shows a cylinder just after testing.  A closer look reveals the 

accumulation of the binder mix in powder form around the base of the cylinder. 

 
Figure 5.1-1: Hempcrete cylinder after compression test 
Pinkos et al., 2011  

  

For the purposes of the overall research program and infill in the panels, the 

compressive strength of the hempcrete was less important than reducing the amount of 

cement used. The mix LCF1½1 was chosen because it had moderate strength and 

required less cement to achieve it.  More research is required to determine the ideal 

moisture content to ensure the best end result in terms of strength and breathability.  An 

avenue to explore would be to use a surfactant to reduce the interfacial tension between 

the mix water and the binder mix and hemp. The use of a surfactant would effectively 

eliminate or reduce the absorption of the mix water, thus the hurd would act more like a 

non-absorbent aggregate in a binder matrix. 
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5.2 Wall Panels 

5.2.1 Thermal Performance 

The ambient indoor temperature for the hempcrete building is lower than that of the 

fibreglass building for each of the time periods shown in Figures 4.2-1 to 4.2-4 except for 

at 12 pm (Figure 4.2-3) where the hempcrete ambient indoor temperature is slightly 

higher.  Figure 4.2-5 shows the cumulative heater run times of buildings for the period of 

January 20 – 26, 2012.  It appears that the heater in the hempcrete building is running 

significantly more often in an effort to reach and/or maintain the prescribed temperature 

setting on the thermostat.  It appears that the heater is struggling to keep up because the 

hempcrete building has a lower indoor temperature in general.   

 It is worth noting that the temperature gradient through the hempcrete wall, while 

tending to be relatively linear, is consistently below zero degrees Celsius at the outer 

sensor location.  The trend in the fibreglass building shows a bigger drop in temperature 

going from the middle of the fibreglass wall to the outer sensor location but still remains 

well above freezing.  It appears possible that the outer layer of the hempcrete wall could 

be freezing thereby reducing the effective wall thickness contributing to the overall 

resistance to thermal transmission. 
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5.2.2 Moisture Migration 

The inner layer of the hempcrete wall in Figure 4.2-6 shows that while the temperature in 

the wall does not fluctuate in accordance with the inside ambient temperature, the Rh 

appears to be much more responsive to fluctuations in the ambient indoor relative 

humidity. 

The ambient outdoor temperature and Rh in Figure 4.2-8 exhibit an inverse 

relationship, as one would expect, since increases in temperature also increase the 

capacity of air to hold moisture and since there is no change in overall moisture being 

added or removed from the system, temperature increases result in a lower Rh.  Similarly, 

as the ambient outdoor temperature decreases the capacity of the air decreases and 

because the amount of moisture has not changed, the Rh increases.   

The Rh and temperature recorded in the outermost layer of the north wall of the 

hempcrete building appears to show a parallel or directly proportional relationship.  

Perhaps the hempcrete is affecting the amount of moisture in the air immediately 

surrounding the Rh sensor.  When the temperature goes up, moisture is drawn out of the 

hemp adding to the moisture already contained in the air thus increasing the Rh.  When 

the temperature goes down, moisture condenses out of the air and is adsorbed by hemp 

thus reducing the Rh. 

 The temperature and Rh within the outer portion of the wall do not fluctuate in 

accordance with the outdoor ambient conditions.  Compared to the behaviour of the inner 

portion of the wall, the temperature data seems consistent.  However, the relative 

humidity seems to be buffered.  It should be noted that for Rh values near 95% and 
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higher, the Honeywell sensor is not reliable and this could be a further indicator of ice 

build-up. 

 Applying the sorption isotherm (Whitmore, 2011) from Figure 4.3-1 shows that the 

moisture content in the hempcrete increases as the relative humidity increases.  The 

moisture content is approximately 12% (dry basis) when the Rh is near 98%.  This means 

that at an Rh of 98%, the moisture in the hempcrete accounts for 12% of the total mass.  

The inner portion of the wall, which has a range in Rh from 65-72 % would, according to 

the sorption isotherm, have a moisture content under 6% which is half of the moisture 

than in the outer portion of the wall.  The isotherm is used to provide general information 

only because it was developed at an ambient temperature of 23.5°C and should not be 

assumed to provide accurate information for the range of temperatures that the test 

building was subjected to. 

 The building was subjected to fairly harsh environmental conditions that could have 

been better managed by applying a finish to the inside and outside faces of the walls that 

was less permeable than the exposed hempcrete.  While still allowing moisture to migrate 

through the wall, the amount would be better regulated.  It appears that the Typar 

building wrap was trapping moisture in the outer portion of the wall and that this layer 

was freezing.  A concern with freezing occurring at the outermost layer of the wall is 

because water expands as it freezes and this could result in freeze/thaw degradation. 
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5.2.3 Power Consumption 

The cumulative power consumption of the baseboard heaters in both the hempcrete and 

fibreglass buildings was plotted in Figure 4.2-9 for the period of Feb 14 – June 30, 2012.  

While the power consumption of the buildings appears to be fairly similar in that at no 

point does the gap between the two curves exceed 50 kWh, there are points worth noting 

that may be indicators of something happening within the hempcrete wall.  Figure 5.2-1 

indicates these points. 

March 17 - The curves slowly converge as the hempcrete building’s power 

consumption appears to taper off more rapidly than that of the fibreglass building.  This 

coincides with a spike in the outdoor ambient temperature where it rises above freezing.  

Rapid drops in temperature are accompanied by periods of increased energy 

consumption.  While similar behaviour is evident for both curves it appears to be more 

pronounced for the hempcrete building.   

A possible explanation for this is that the outer portion of the hempcrete wall is 

freezing and thus the effective wall thickness that contributes to resisting thermal 

transmission is reduced.  As the temperature rose above freezing over a period of a few 

days, the power consumption seemed to taper off more rapidly than that of the fibreglass 

building because the outer layer of the wall was thawing and thus adding to the thermal 

resistivity of the building.   

Throughout the course of this study, it was observed that substantial ice build-up 

formed in the inspection windows on the north and south walls.  This could suggest that 

moisture was indeed migrating through the walls and since the building was wrapped in 
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Typar building wrap, it is likely that a fair amount of moisture was trapped within the 

wall.   

May 13 – As the outdoor temperature remained within the 10 to 20°C range for over 

a week, the power consumption of the hempcrete building levelled off more rapidly than 

the fibreglass building.  This behaviour could indicate that the hempcrete is acting as a 

thermal mass and is transferring heat inside the building thus reducing the heater run 

time.   

 

 
Figure 5.2-1: Power consumption - points of interest 
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5.2.4 Air Leakage 

The results of the blower door tests in Figure 4.2-10 show a significant disparity in terms 

of air-tightness between the two buildings.  While the actual pressure differential between 

the inside and outside of the buildings would never reach this level, the number of air 

changes at a pressure differential of 50 Pa gives a clear indication as to how these two 

buildings differ.  Several factors in the construction of the hempcrete building may play a 

role in its leaky behaviour.  These include the complete lack of an air barrier on the walls, 

no interior finishing, and no seal at the joints between panels.  As a result, the hempcrete 

building could be losing a significant amount of heat and therefore contributing to 

increased energy consumption.  
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Chapter 6 

Conclusions and Recommendations 

The focus of this research was to assess the performance of a test building comprised of 

wall panels filled with hempcrete insulation that used readily available local components.  

The hempcrete mix design was developed experimentally from varying proportions of 

hydrated lime, Portland cement, and Type C fly ash.  Cylinders made from seven mix 

designs, using these three components, were tested in compression.  The compressive 

strength of the cylinders as a whole appears to fall within values obtained by other 

researchers.  However, more research is required to increase the compressive strength for 

load bearing applications.  The binder mix that was ultimately used in the building 

(LCF1½1) was primarily chosen based on its minimal cement content.  

 The basis by which the thermal performance of the building was assessed was by 

comparing the input energy consumption required to keep the interior space of the 

building at a prescribed temperature with that of a baseline building of identical size.  The 

baseline building was identical to the hempcrete building in every way except for the wall 

system.  The hempcrete building was made up of 12” thick wall panels with no vapour 
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barrier or inside finish applied while the baseline building was of conventional 2x6 stick 

frame construction with fibreglass batt insulation, vapour barrier on the inside face of the 

wall, and 1/2” drywall as the interior finish.  Both buildings were wrapped in Typar.  The 

hempcrete building had an air gap between the wrap and the exterior wood siding. 

 The power consumption of the hempcrete building was relatively close to that of the 

fibreglass building.  The cumulative power consumption did not appear to differ by more 

than approximately 50 kWh at any point during the period from February 14 – June 30, 

2012.  There are two significant reasons for this difference.  The first is that the 

hempcrete building is not as airtight as the fibreglass building.  The hempcrete building 

replaces its entire interior volume of air 6.58 times each hour as compared to 2.08 for the 

fibreglass building at a pressure differential of 50 Pa between the inside and outside.  The 

second main reason, which requires further testing to confirm, is that it is possible that 

the outer layer of the hempcrete wall is freezing and thus the effective thickness of the 

wall that contributes to resist heat transmission is reduced.  This notion appears to have 

some support based on the amount of moisture that appears to be retained in the outer 

layer due to the building wrap and the temperature in this layer being well below 

freezing. 

 While the results from this research program are relatively favourable, more research 

is required to achieve a greater understanding of this material and its use as an insulating 

material in harsher climates.  Avenues to explore that have come out of this research 

include: 

• The use of surfactants in the mixing process to reduce the competition for 

water between the hemp hurd and binder matrix. 
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• Try other potential binder components and aggregates to increase the 

compressive strength without losing insulating properties. 

• Use of earth based binders and Metakaolin produced from local Manitoba 

soils 

• Applying vapour permeable wall finishes on the inside and outside faces of 

the walls to observe how well moisture migration through the walls may be 

regulated. 

• Hot box tests to determine an experimental R-value. 
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Appendix A – Data Analysis Method 

Sample Calculations 

Test Cylinders 

A universal testing machine was used to apply an escalating force at a constant load rate.  

The machine automatically recorded the crosshead displacement at each collection 

interval.  The diameter of each cylinder was the average of three measurements taken 

with Vernier calipers about different points around the cylinder’s cross-section.  As such, 

the normal stress applied to each cylinder was calculated using the following formula: 

    

σ = F/A             (A.1) 

 

Where:  σ = the stress applied to the cylinder, MPa; 

F = the force applied to the top of the cylinder, N; 

   A = πr2 = the circular surface area of the cylinder, m2 
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The corresponding strain was calculated using: 

 

   ε = ΔL/L             (A.2) 

 

Where:  ε = the strain induced in the cylinder, mm/mm; 

   ΔL = the change in length of the cylinder, mm; 

   L = the original length of the cylinder, mm 

 

Young’s Modulus was calculated by finding the slope of the data between 0.1σmax and 

0.4σmax as is illustrated in Figure 3.8-1.  This method was modified from that of ASTM 

Standard C469-02.  The lower limit was increased to 0.1σmax to avoid data points 

acquired during the seating phase of the test.  

 
Figure A-1: Illustration of how Young's modulus of elasticity was calculated 
Pinkos et al., 2011 
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The mean compressive stress was calculated using: 

 

   𝜇 =   ∑!
!

                   (A.3) 

 

Where:  𝜇 = the mean compressive stress, MPa; 

   ∑𝜎 = the sum of all the stresses, MPa; 

   N = sample size 

Standard deviation was calculated using: 

 

   𝑠 = [!
!

𝜎! −   𝜇!
!!!

2]1/2              (A.4) 

 

Where:  s = standard deviation; 

   N = sample size; 

   𝜎!   = the ith compressive stress value, MPa; 

   𝜇 = the  mean  compressive  stress,MPa 

 

The coefficient of variation was calculated using: 

 

   𝐶𝑂𝑉 =    !
!
                  (A.5) 

 

 

 



  66 

 

 

Where:  COV = coefficient of variation; 

   𝑠 =  the standard deviation; 

   𝜇 =  the mean of the compressive stresses for each binder mix 

 

Monitoring Systems in the Test Building 

As discussed in section 3.5 and shown in Figure 3.5-6, temperature and relative humidity 

sensors were placed at mid height in each of the walls.  Readings were taken at 60-minute 

intervals where the temperature, relative humidity, and totalizer readings were recorded.  

The Agilent data was downloaded into an Excel spreadsheet for analysis. 

The most direct method of comparison between the hempcrete and fibreglass 

buildings was to compare the input energy required to maintain an ambient interior 

temperature of 21°C in each building.   To accomplish this, the following equation was 

applied to convert the totalizer value to a percentage of how much the heater was on out 

of the scan interval: 

        (A.6) 

 

Where:  Run time = heater run time per scanning interval, hours; 

   Totalizer reading = the sum of optic-coupler signals per scan interval, cycles 

  

 

 

Run time (hrs) = Totalizer  reading(cycles)

(60 cycles
sec

×60 sec
min

×60 min
hr

)
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Air Leakage 

As discussed in section 3.7, a blower door test was performed to assess the relative air 

tightness of both the hempcrete and fibreglass batt buildings.  The fan that was 

temporarily sealed in the doorframe produced a series of increasing air pressure 

differentials in the buildings that produced enough data to create a flow rate curve for 

each building.  From these, the flow rate required to achieve an air pressure differential of 

50 Pa (CFM50) was determined by solving for “y” in the linear trend line equation by 

setting “x” to 50 Pa.  Another useful metric to compare the air-tightness of the two 

buildings is the number of air changes per hour at a pressure differential of 50 Pa.  Here 

the interior volume of the buildings and their respective CFM50 values are used to 

determine how many times in one hour that the entire volume of air in the buildings are 

replaced by outside air. 
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Appendix B – Wall Cross-Sections 

 

 

Figure B-1:  Wall cross-sections showing sensor placement	  




