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INTRODUCTION
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Built environment produces 37% of total global emissions. Can be split up in: 
 Operational carbon (building use)
 Embodied carbon (building construction)
(UNEP, 2023)

Bio-based materials produce 45% LESS emissions, compared to inorganic materials. 
(Zuiderveen et al, 2023)

Reduce overall emissions + Use bio-based materials =

 Rediscovery heritage architecture
(Birznieks, 2013)

Oldest (bio-based) construction material =
 Raw earth
(Dethier, 2020)



RAW EARTH ARCHITECTURE
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 Oldest building material. (Birznieks, 2013)

 50% to 25% Modern dwellings. (Gantopoulou, 2014) (Van Gorp, 2018)

 Every continent, climate, environment. (Dethier, 2020)

 Local know-how & skills. (Norton, 1997)

BENEFITS

- Availability worldwide. (Norton, 1997)

- Indoor climate; temperature, humidity. (Birznieks, 2013)

- Air quality; no VOC, smell absorption. (Van Gorp, 2018) (Dethier, 2020)

- Environmental costs; lowest NIBE score. (Birznieks, 2013)

- Social environment; cultural identities, local education. (Dethier, 2020)



RAW EARTH ARCHITECTURE – SCOPE
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Wheel of 12 technique: 
Adapted from CRATerre, 
1994 (Grunacker, 2021) 

1. LOCATION 2. FUNCTION

3. PRODUCTION 4. CONSTRUCTION



RAMMED EARTH
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Material: Moist mixture of sand, clay, silt, aggregates, and potential binders.

Construction technique: Layers compacted in formwork using rammers, left to harden. 

Product: In-situ, monolithic, self-supporting, load-bearing, construction. 

(Birznieks, 2013) (Norton, 1997) (Houben & Guillaud, 1994)



RAMMED EARTH – DRAWBACKS
− Sensitive to frost damage *
(Houben & Guillaud, 1994)

− Sensitive to water damage *
(Houben & Guillaud, 1994) 

− Poor thermal insulation
(Norton, 1997) 

− Lack of building norm required compressive strength *
(Van Gorp, 2018) 

− In-situ construction: weather conditions 
(Ganotopoulou, 2014) 

− In-situ construction: soil workability *, manpower, time consuming 
(Dethier, 2020) 

− Prefab construction: increased embodied energy of structure 
(Ganotopoulou, 2014)

*Research aim
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Industrial revolution  Population surge  Increase housing demand  Rapid housing construction

Industrial revolution Mechanically produced materials (Bricks, concrete, steel, etc)
(Sgouropoulou, 2013) 

Rapid housing construction + Industrialised materials 

 Dwindling use of heritage materials

 Building norms Excluded: Heritage materials.
(Ganotopoulou, 2014) 

Exclusion building norms + Minimal use heritage materials

 Knowledge loss heritage materials

 Inorganically reinforced rammed earth
(Cockram, 2018) 

PROBLEM STATEMENT
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RESEARCH OBJECTIVES
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HERITAGE

 Heritage knowledge rammed earth Historic relevance & Possible material enhancements

 Heritage knowledge bindersMatrix overview intended use of binders 

 Possible bio-based binders for desired material enhancement

Possible material enhancements + Possible binders 

EXPERIMENTAL RESEARCH

 Effect of binder on rammed earth performance 

 Comparison rammed earth with & without binders: 
(bio-based binders & cement binder)

 SEARCH FOR SUSTAINABLE BUILDING MATERIAL



RESEARCH QUESTIONS
MAIN QUESTION
How can the use of bio-based binders improve the material performance of rammed earth in
Northwestern European building construction? 

SUB QUESTIONS
1. What material property enhancements are possible for modern-day rammed earth construction? 

2a.  What bio-based binders have been used in historic raw earth construction? 
2b.  What were their intended adjustments on raw earth material properties? 

3. What information from rammed earth history can be applied to the use of modern-day rammed earth? 

4. How can the performance of bio-based binders in rammed earth constructions be tested? 

5. Which bio-based binders can be implemented for possible material enhancement of modern-day rammed earth construction 
in Northwestern Europe? 

6. How does the implementation of these bio-based binders in rammed earth mixtures affect rammed earth performance? 

7. How do rammed earth constructions using bio-based binders perform compared to those made with the 
commonly used cement binder? 
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BIO-BASED BINDERS – HISTORIC

1.  Animal derivatives

2.  Animal produced 

3.  Plant based 

4.  Ashes

5.  Oils 

6.  Resins 

7.  Gums
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Name – Historic use – Function – Location – Score – Source



BIO-BASED BINDERS – MATRIX

11(Rampazzi et al, 2016) (Sickels, 1981) (Carbonara, 2007) (Maravelaki-Kalaitzaki et al, 2013) 

RESEARCH AIM 
1. Bio-based (GO – NO GO) 
2. Low cost (GO – NO GO) 
3. Availability (GO – NO GO) 
4. Locally available (GO – NO GO) 
5. Sustainable acquisition (GO – NO GO) 
6. Sustainable production (GO – NO GO) 
7. Recyclability (GO – NO GO) 
8. Waste-stream (-, 0, +) 
9. Material acceptance (-, 0, +) 

MATERIAL ENHANCEMENTS
10. Compressive strength (GO – NO GO) 
11. Plasticity and workability (-, 0, +) 
12. Water repellence (-, 0, +) 
13. Resistance to freeze-thaw cycles (-, 0, +) 



BIO-BASED BINDERS – MATRIX
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BIO-BASED BINDERS – OPTIONS
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HIGHEST SCORING
- Plant mucilage
- Egg variations
- Jaggery = cane sugar
- Tannins
- Vegetable ash 



BIO-BASED BINDERS – SAMPLING
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EGG VARIANTS
- Yolk + Albumen
- Yolk
- Albumen, liquid
- Albumen, dehydrated

SUGAR VARIANTS
- Granulated beet sugar
- Beet sugar syrup
- Granulated beet sugar (80) + beet sugar syrup (20)
- Granulated beet sugar (50) + beet sugar syrup (50)



SAMPLING - RAMMED EARTH MIXTURE
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TIERRAFINO RAMMED EARTH MIXTURE
− Münster, Germany
− Mixture type brown
− Aggregate size 0-16mm 

BIG BAG
− 1m3

− 1000-1200kg
− ≈ 0.5m3 rammed 
− 2300 kg/m3 rammed



SAMPLING - SET-UP
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− Garage box
(Indoors, heated to +/- 20 ºC)

− Big Bag stampleem
− Bio-based binders
− Cement
− Worktable
− Formworks
− Buckets
− Mixing bowls
− Measuring bowls
− Scale 2x (accuracy 1g & 0.1g)
− Knife, scissor, blender
− Shovel, scoops, spoons
− Measuring tape, sticks
− Double boiled linseed oil
− Paint-tray, brushes



TESTING 1 – MIXTURE COMPOSITION
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TESTING 1 – MIXTURE COMPOSITION
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RATIO – DETERMINATION
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SAMPLE WEIGHT
Total: 100 grams

RECOMMENDED PERCENTAGES
- 0.25% binder optimum (Ramesh et al., 2017)
- 10% binder maximum (HiveEarth, n.d.)
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RATIO – SUGAR – OBSERVATIONS

COLOUR

SMELL

TEXTURE

EDGES

ADHESION

PLIABILITY

MOISTURE LEVEL

SUGAR: 5% SUGAR: 2%
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RATIO – EGG – OBSERVATIONS

COLOUR

SMELL

TEXTURE

EDGES

ADHESION

PLIABILITY

MOISTURE LEVEL

ALBUMEN: LIQUID ALBUMEN: SOLID*

* SOLID = DEHYDRATED
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RATIO – CEMENT
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RATIO – SUGAR – GRANULATED
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RATIO – EGG – ALBUMEN: LIQUID
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EGG – ALBUMEN: SOLID



SAMPLES
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FORMWORK DRYING SAMPLES



TESTING 2 – MECHANICAL CHARACTERISTICS
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TESTING 2 – MECHANICAL CHARACTERISTICS
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MECHANICAL – WETTING AND DRYING
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WETTING AND DRYING – RESULTS
1. 5 HOURS 2. 10 HOURS 3. 15 HOURS 4. 20 HOURS

5. 25 HOURS 6. 30 HOURS 7. 35 HOURS 8. 40 HOURS
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WETTING AND DRYING – RESULTS – SUGAR
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WETTING AND DRYING – RESULTS – ALBUMEN
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WETTING AND DRYING – OBSERVATIONS
1

2
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WETTING AND DRYING – OBSERVATIONS

3 4

5 6
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WETTING AND DRYING – OBSERVATIONS
REGULAR SUGAR: 5% SUGAR: 2%
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WETTING AND DRYING – OBSERVATIONS
CEMENT ALBUMEN: LIQUID ALBUMEN: SOLID
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MECHANICAL – ABRASION

LEVEL OF MATERIAL LOSS

SET-UP
OBSERVATIONS

SUGAR: 2%



38

ABRASION - RESULTS

REGULAR REGULAR

CEMENT CEMENT

SUGAR: 5% SUGAR: 5%

SUGAR: 2% SUGAR: 2%

ALBUMEN:
LIQUID

ALBUMEN:
LIQUID

ALBUMEN:
SOLID

ALBUMEN:
SOLID

PRE-ABRASION POST-ABRASION



39

MECHANICAL – PENETRATION
IMPACT PENETRATION

OBSERVATIONS

ALB. SOLID

DEPTH
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PENETRATION – RESULTS
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PENETRATION – RESULTS
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PENETRATION – RESULTS
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MECHANICAL – STRENGTH TESTING
FLEXURAL STRENGTH COMPRESSIVE STRENGTH COMPRESSIVE STRENGTH 2.0
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CONCLUSION – MECHANICAL TESTING



TESTING 3 – WEATHERING
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TESTING 3 – WEATHERING
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WEATHERING – DRIP SET-UP
ATTEMPT 1 ATTEMPT 2 ATTEMPT 3
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WEATHERING – DRIP
SET-UP
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DRIP – RESULTS – REGULAR
ROUND 3 ROUND 1

ROUND 2
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DRIP – RESULTS – SUGAR: 2%
ROUND 3 ROUND 1

ROUND 2
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DRIP – RESULTS – ALBUMEN: SOLID
ROUND 3 ROUND 1

ROUND 2
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DRIP – RESULTS – POST-TESTING

ROUND 2
SUGAR: 5%

ROUND 1
SUGAR: 5%

ROUND 3
SUGAR: 5%

ROUND 1
SUGAR: 2%

ROUND 3
SUGAR: 2%

ROUND 2
SUGAR: 2%
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DRIP – OBSERVATIONS

REGULAR SUGAR: 5% SUGAR: 2%
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DRIP – OBSERVATIONS

CEMENT ALBUMEN: LIQUID ALBUMEN: SOLID
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WEATHERING – SPRAY SET-UP
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SPRAY – RESULTS
REGULAR

ROUND 2

SUGAR: 5%

SUGAR: 2%
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SPRAY – OBSERVATIONS

REGULAR

ROUND 2

SUGAR: 5% SUGAR: 2%
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WEATHERING – MOISTURE ABSORPTION

3 HOURS

16 HOURS

40 HOURS

96 HOURS

144 HOURS = 6 DAYS
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MOISTURE ABSORPTION – RESULTS
1. 5 MINUTES 2. 15 MINUTES

3. 30 MINUTES 4. 1 HOUR

FIRST DAMAGE

TOTAL DAMAGE

REGULAR

REGULAR
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MOISTURE ABSORPTION – RESULTS
5. 2 HOURS 6. 3 HOURS 7. 5 HOURS

8. 8 HOURS 9. 12 HOURS 10. 16 HOURS

SUGAR 5%

SUGAR 2% SUGAR 2%CEMENT
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MOISTURE ABSORPTION – RESULTS
11. 20 HOURS 12. 24 HOURS 13. 32 HOURS

14. 40 HOURS 15. 48 HOURS 16. 60 HOURS

ALBUMEN
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MOISTURE ABSORPTION – RESULTS
17. 72 HOURS 18. 96 HOURS 19. 144 HOURS

SUGAR 5%

FIRST DAMAGE
Regular 5 minutes
Cement 12 hours
Sugar: 5% 2 hours
Sugar: 2% 5 hours
Albumen: Liquid 40 hours
Albumen: Solid 40 hours

TOTAL DAMAGE 
Regular 1 hour
Cement -
Sugar: 5% 96 hours
Sugar: 2% 16 hours
Albumen: Liquid 144 hours
Albumen: Solid -

ALBUMEN: LIQUID
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WEATHERING – FREEZE AND THAW SET-UP
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FREEZE AND THAW – RESULTS
REGULAR – NO ABRASSION

REGULAR – ABRASSION
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FREEZE AND THAW – RESULTS
CEMENT

SUGAR: 5%
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FREEZE AND THAW – RESULTS
ALBUMEN: LIQUID

ALBUMEN: SOLID
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FREEZE AND THAW – OBSERVATIONS

ALBUMEN: LIQUID
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CONCLUSION – TESTING TOTAL
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DEHYDRATED ALBUMEN
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FURTHER RESEARCH









MAIN QUESTION

How can the use of bio-based binders improve the material performance of rammed 
earth in Northwestern European building construction? 
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“The only difference between screwing around and science is writing it down“ 

– Adam Savage, MythBusters
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