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Summary

1. Pier construction, and terrestrial 
building : Roman Concrete and 
Vitruvius the Architect. 

2.Geopolymer found in ancient 
Roman concrete ! 

3. Conclusion and references
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Roman Concrete

ColosseoRoman Pantheon
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Roman Concrete : Harbour 
facilities in  Mediterranean sea
•During the Roman period, trade in Mediterranean sea 
enabled construction of harbour facilities (-70 BC) 

•It coincided almost exactly with the wide use of 
hydraulic concrete 

•Example : Caesarea Maritima harbor (23 to 15 BC) for 
King Herodius, a roman harbor from scratch. 

• 53 000 m3 raw materials, 17 500 m3 pozzolana from 
Napoli (Italy), local limestone from Syria, Egypt, 
Palestine. 

•It took months for the logistics to provide the materials 
to the field from Italy to Palestine.
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Port de Caesarea Maritima: Bradon 2021
•

Caesarea Maritima harbor : Brandon 2021
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Dam of « G zone » in Caesarea Maritima 
(Haifa, Israel); drawing : R. L. Vann (Oleson 

1988)





Concrete 
blocks with 

wooden 
planks 

(Brandon 
2021)
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•Roman architect, author 
of De architectura (25 
B.C.). 

•The only complete 
architectural treaty to 
survive from classical 
antiquity 

•His treaty has recipes for 
making cement and 
concrete

Vitruvius
The one and only !
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Latin keywords of Roman 
concrete according to Vitruvius 
•Lime, hydraulic lime: calx

•Sand for concrete : harena fossicia « volcanic sand »

•Sand for coatings: harena fluviatica « river sand »

•Caementum « rubble », 

•Testa « crushed metakaolin (kaolinitic clay, calcined 
at 750 °C) »

•Pulvis « pozzolana » for marine concrete



•Concrete which sets underwater without CO2 = geopolymer 

•Lime (calx) + « pozzolana » 

•Pozzolana: 

1. pulvis (puteolanus) = « powder of Puozzoli »  

2. harena fossicia = « volcanic sand » 

3. testa = crushed metakaolin

Roman marine concrete
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Villa Poppea in Oplontis, Napoly : 
pozzolana
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pozzolanella 
(grayish, 
1360-1670 kg/m3)

pozzolana nera 
(black, 1340 kg/m3)

pozzolana rossa 
(red, 1600-1900 
kg/m3)

Volcanic quarry (Lancaster 2005)
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Harena fossicia rubra: 
reddish volcanic sand

Pulvis « true pozzolana »

Harena fossicia nigra: 
reddish volcanic sand

Harena fossicia cana: 
grayish volcanic sand

After Lancaster 2005
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Vitruvian theory of 4 elements 
explains the “hot mixing”

•“Hot mixing” = use of 
quicklime to accelerate 
the setting time of 
concrete 

•Each substance in Nature 
has four elements: terra 
"earth", aqua "water", aer 
"air" and ignis "fire »

•Their proportions 
determine their physical 
properties (hardness, 
softness, etc.)



Vitruvian theory of 4 
elements

•The volcanic/artificial fire 
destroys the coherence of 
any stone,

•Lime is the result of expelled 
air and water from limestone 
(Vitr. II, 5) whereas roman 
lava containing more earth 
and water than air and fire, 
withstand better fire and 
weathering (Vitr. II, 7, 2). 



Vitruvian theory of 4 
elements

For Vitruvius, any substance (stone, mineral, 
metal) which has been fired in a kiln such as 
lime or has undergone the volcanic fire gets 
new physical or chemical properties for 
architecture and engineering (Davidovits 2003; 
Davidovits 2007).

Kiln = volcanism
It enables “hot mixing” for concrete !



How does materials gain their 
physical properties ? 

=

Limekiln = Volcano



List of natural material for 
mortar/concrete

•Pozzolan: cinis “ash”, terra exusta “burnt 
out earth” 

•Pumice of Pompeii: genus lapidis 
excoctum “a kind of calcined rock” 

•Carboncle: materia excocta “calcined 
rocky material” 

•Volcanic sand: harena fossicia “extracted 
volcanic sand”



List of artificial materials for 
mortar/concrete

•Calx « lime »

•Testa « calcined kaolinitic clay at 750 
°C, metakaolin »

•All those materials have been charred 
by natural (volcanism) or artificial 
fire (kiln)



• In 2023, Seymour et alii published an article in « Science 
advances » in which they showed that hot mixing was used 
in Roman concrete.  

• Lime clasts (calcium silicate) are the source of calcium when 
the concrete shrinks. 

• The calcium migrate through the binder and it allows the 
concrete to heal itself.

Hot mixing





• Vitruvius (5, 12, 2-3) is describing the « hot mixing » process : adding 
quicklime to the lime in order to accelerate the setting in the cofferdam 
while building the pier. 

• The workers throw the dry mix consisting of quicklime, pozzolana, 
aggregates… 

• Chemical reactions of slaking lime in the cofferdam: « therefore, when 
three substances (volcanic tuff, quicklime, pozzolana) formed in like 
manner by the violence of fire come into one mixture, they suddenly 
take up water and cohere together, they are quickly hardened by the 
moisture and made solid, and can be dissolved neither by the waves 
nor the power of water ». 

• Slaking lime by seawater produce the chemical phenomenons 
described by Vitruvius 2, 6, 1-4.

Vitruvius’ description of « hot mixing »
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Quicklime in hydraulic concrete

•This vitruvian concept was discovered in 2005-2007 in 
Vitruvius text during my Ph. D. redaction.

•The ROMACON team suggested the use of quicklime in 
their book too (11-15 % of quicklime in weight of the raw 
materials in dry mix) alongside with traditional slaked lime.

•In 2017, Marie D. Jackson (Univ. of Utah) (Jackson et alii 
2017):  « An adiabatic model of exothermic heat evolved 
during hydration of lime and production of pozzolanic C-A-
S-H binder in a 10 m2 by 6 m tall Baianus Sinus breakwater 
in the Bay of Pozzuoli, indicates that elevated temperatures, 
65–95 °C, persisted for 2–3 yr. »



Appendix table 1 (Jackson et alii 2017)









Geopolymer in Roman 
Concrete



What is missing ?



ROMACON 
samples showing 
geopolymers in 
roman marine 
concrete in Cosa 
(60 BC): Brandon 
2021







•  The Aqua Traiana aqueduct to Rome (109 CE) was sampled by a 
team who published extraordinary results. 

• Medeghini et alii (2024) analysed samples of the aqueduct taken 
around the Bracciano Lake north of Rome 

• Roman builders used the best local volcanic sand (carbunculus 
described by Vitruvius). 

• Binding matrix : C-(N,K)-A-SH “gel” with no calcite (CaCO3) 

• The     calcium was completely consumed by the hydraulic reaction, 
sealing it in a highly stable, insoluble amorphous gel that prevents 
leaching by flowing water.

Latin geopolymer C-(N,K)-A-S-H





•“Recent studies on geopolymers focused the 
attention on the materials and the alkaline 
activation, which could represent an alternative 
to cement production. In these studies, the 
product obtained by the main reaction, id est an 
amorphous aluminosilicate gel with small 
amount of zeolites, is similar to what identified 
in the ancient mortars studied in this work, 
suggesting that past recipes could be used as a 
guide to develop better and more sustainable 
cements.”

• Geopolymers are in Roman concrete.



L. Calzolari, “Unlocking the secrets of 
hydraulic 
Roman mortars for new 
applications”, Ph. D. Thesis, Uni. 
Roma La Sapienza, 2024.



Conclusion

•Geopolymers are now found in archaeological 
binders, like roman concrete, used by Roman 
builders. 

•The question is now open in human history : 

1. when was geopolymers used ? 

2. who used them ? 
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