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Riddle solved: Why was Roman concrete so durable?

An unexpected ancient manufacturing strategy may hold the key to
designing concrete that lasts for millennia.

David L. Chandler | MIT News O�ice

January 6, 2023

A large-area elemental map (Calcium: red, Silicon: blue, Aluminum: green) of a 2 cm fragment of

ancient Roman concrete (right) collected from the archaeological site of Privernum, Italy (left). A

calcium-rich lime clast (in red), which is responsible for the unique self-healing properties in this

ancient material, is clearly visible in the lower region of the image.

Courtesy of the researchers

The ancient Romans were masters of engineering, constructing vast

networks of roads, aqueducts, ports, and massive buildings, whose

remains have survived for two millennia. Many of these structures were

built with concrete: Rome’s famed Pantheon, which has the world’s largest

unreinforced concrete dome and was dedicated in A.D. 128, is still intact,

and some ancient Roman aqueducts still deliver water to Rome today.

Meanwhile, many modern concrete structures have crumbled after a few
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decades.

Researchers have spent decades trying to figure out the secret of this

ultradurable ancient construction material, particularly in structures that

endured especially harsh conditions, such as docks, sewers, and seawalls,

or those constructed in seismically active locations.

Now, a team of investigators from MIT, Harvard University, and laboratories

in Italy and Switzerland, has made progress in this field, discovering

ancient concrete-manufacturing strategies that incorporated several key

self-healing functionalities. The findings are published today in the journal

Science Advances, in a paper by MIT professor of civil and environmental

engineering Admir Masic, former doctoral student Linda Seymour ’14, PhD

’21, and four others.

For many years, researchers have assumed that the key to the ancient

concrete’s durability was based on one ingredient: pozzolanic material

such as volcanic ash from the area of Pozzuoli, on the Bay of Naples. This

specific kind of ash was even shipped all across the vast Roman empire to

be used in construction, and was described as a key ingredient for

concrete in accounts by architects and historians at the time.

Under closer examination, these ancient samples also contain small,

distinctive, millimeter-scale bright white mineral features, which have been

long recognized as a ubiquitous component of Roman concretes. These

white chunks, often referred to as “lime clasts,” originate from lime,

another key component of the ancient concrete mix. “Ever since I first

began working with ancient Roman concrete, I’ve always been fascinated

by these features,” says Masic. “These are not found in modern concrete

formulations, so why are they present in these ancient materials?”

Previously disregarded as merely evidence of sloppy mixing practices, or

https://www.science.org/doi/10.1126/sciadv.add1602
https://www.science.org/doi/10.1126/sciadv.add1602


poor-quality raw materials, the new study suggests that these tiny lime

clasts gave the concrete a previously unrecognized self-healing capability.

“The idea that the presence of these lime clasts was simply attributed to

low quality control always bothered me,” says Masic. “If the Romans put so

much e�ort into making an outstanding construction material, following all

of the detailed recipes that had been optimized over the course of many

centuries, why would they put so little e�ort into ensuring the production

of a well-mixed final product? There has to be more to this story.”

Upon further characterization of these lime clasts, using high-resolution

multiscale imaging and chemical mapping techniques pioneered in Masic’s

research lab, the researchers gained new insights into the potential

functionality of these lime clasts.

Historically, it had been assumed that when lime was incorporated into

Roman concrete, it was first combined with water to form a highly reactive

paste-like material, in a process known as slaking. But this process alone

could not account for the presence of the lime clasts. Masic wondered:

“Was it possible that the Romans might have actually directly used lime in

its more reactive form, known as quicklime?”

Studying samples of this ancient concrete, he and his team determined

that the white inclusions were, indeed, made out of various forms of

calcium carbonate. And spectroscopic examination provided clues that

these had been formed at extreme temperatures, as would be expected

from the exothermic reaction produced by using quicklime instead of, or in

addition to, the slaked lime in the mixture. Hot mixing, the team has now

concluded, was actually the key to the super-durable nature.

“The benefits of hot mixing are twofold,” Masic says. “First, when the

overall concrete is heated to high temperatures, it allows chemistries that

are not possible if you only used slaked lime, producing high-temperature-



associated compounds that would not otherwise form. Second, this

increased temperature significantly reduces curing and setting times since

all the reactions are accelerated, allowing for much faster construction.”

During the hot mixing process, the lime clasts develop a characteristically

brittle nanoparticulate architecture, creating an easily fractured and

reactive calcium source, which, as the team proposed, could provide a

critical self-healing functionality. As soon as tiny cracks start to form

within the concrete, they can preferentially travel through the high-

surface-area lime clasts. This material can then react with water, creating a

calcium-saturated solution, which can recrystallize as calcium carbonate

and quickly fill the crack, or react with pozzolanic materials to further

strengthen the composite material. These reactions take place

spontaneously and therefore automatically heal the cracks before they

spread. Previous support for this hypothesis was found through the

examination of other Roman concrete samples that exhibited calcite-filled

cracks.

To prove that this was indeed the mechanism responsible for the durability

of the Roman concrete, the team produced samples of hot-mixed concrete

that incorporated both ancient and modern formulations, deliberately

cracked them, and then ran water through the cracks. Sure enough: Within

two weeks the cracks had completely healed and the water could no

longer flow. An identical chunk of concrete made without quicklime never

healed, and the water just kept flowing through the sample. As a result of

these successful tests, the team is working to commercialize this modified

cement material.

“It’s exciting to think about how these more durable concrete formulations

could expand not only the service life of these materials, but also how it

could improve the durability of 3D-printed concrete formulations,” says



Paper: “Hot mixing: Mechanistic insights into the durability of ancient Roman

concrete”

Masic.

Through the extended functional lifespan and the development of lighter-

weight concrete forms, he hopes that these e�orts could help reduce the

environmental impact of cement production, which currently accounts for

about 8 percent of global greenhouse gas emissions. Along with other new

formulations, such as concrete that can actually absorb carbon dioxide

from the air, another current research focus of the Masic lab, these

improvements could help to reduce concrete’s global climate impact.

The research team included Janille Maragh at MIT, Paolo Sabatini at DMAT

in Italy, Michel Di Tommaso at the Instituto Meccanica dei Materiali in

Switzerland, and James Weaver at the Wyss Institute for Biologically

Inspired Engineering at Harvard University. The work was carried out with

the assistance of the Archeological Museum of Priverno in Italy.

https://www.science.org/doi/10.1126/sciadv.add1602
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Supplementary Text 
Supplementary Materials and Methods: Transmitted Light Microscopy: 
Polished thin sections (30 μm thick) of the Privernum mortars were prepared by a third party. 
Petrographic analysis was performed using an Olympus CH Transmitted light microscope. Images 
were obtained using a digital camera with either a 4x (N.A. 0.10) or 20x (N.A. 0.40) objective 
lens. 



Supplementary Figures 

Fig. S1. Detailed elemental analysis of sulfur-bearing pore walls. Sulfur predominantly occurs 
in the pore space of the Privernum mortar and is lacking in the binding matrix. The limited 
quantities of matrix sulfur suggests that sulfur is likely from the surrounding environment. 



Fig. S2. Raman characterization of pore walls showing the presence of gypsum. (A) and (B) 
BSE images of mortar showing a representative analyzed pore. (C) Distribution of gypsum 
identified from the spectrum in (D). The presence of gypsum suggests that the sulfur content of 
the mortars is environmental, resulting from the degradation of the samples over time. 



Fig. S3. Petrographic mortar images reveal isotropic matrix and aggregates, suggesting that 
the Privernum mortars are pozzolanic. (A) Overview of sample under plane-polarized light 
(PPL). (B) Same view as (A) under cross-polarized light (XPL) showing that the aggregates are 
predominately quartz and feldspars based on their extinction properties. (C) Higher magnification 
view of isotropic aggregate and binding matrix in PPL. (D) Same view as (C) in XPL. (E) Same 
view as (C) rotated 30°, showing the relative isotropic nature of the matrix and aggregate. 



Fig. S4. Map of resin and fluorescence signals within a representative lime clast. (A) 
Distribution of resin and fluorescence according to the spectra and their corresponding color 
scheme in (B). Fluorescence is not restricted to resin-rich areas, suggesting the inclusion of phases 
other than calcite in the lime clast, and demonstrating the heterogeneous nature of the particles. 



Fig. S5. EDS and Raman characterization of a representative lime clast showing its 
disordered calcium carbonate content. (A) Optical micrograph of the investigated lime clast. 
(B) Clustered EDS data reveals a reaction rim around the exterior of the clast. (C) Raman spectra
obtained from scanning the area boxed in (A). The ternary diagram in (D) shows the relative ratios
of calcium, silicon, and aluminum corresponding to the clusters indicated in (B). (E) Comparison
of the two calcite bearing phases identified in (C), where the inclusion of disordered CaCO3 can
be identified by the shoulder (1, inset) of the yellow carbonate peak (2, inset denotes the more
symmetrical red carbonate peak of the purer calcite phase). (F) Distribution map of the Raman
spectra shown in (C), with the mapped colors corresponding to those of the colored spectra.



Fig. S6. Comparison of the υ1 peak width of anthropogenic and geologic calcium carbonates. 
The full-width-half-max (FWHM) of the ν1 peak for the ancient lime clasts most closely resembles 
that of lime clasts in the recreated hot-mixed formulation from our present study. Lime clasts in 
recreations using slaked lime appear more similar to geologic calcite inclusions. Error bars 
represent +/- one standard deviation (n=3 each). 



Fig. S7. The concentration of calcium, silicon and aluminum, plotted along the 
ancient mortar cross-section from Fig. 2D. Each plot shows the concentration in weight 
percent as a function of position along the cross-section. Evident is the gradient in composition 
trailing from the lime clasts which can be identified as broad areas where the Ca concentration is 
greatest.  



Fig. S8: Large area (4 mm image width) SEM-EDS elemental map and constituent spectra 
from a polished Privernum wall section. The chemical compositions of representative lime 
clast regions (denoted with green, blue and red dots in the EDS map) are included. The results 
show slight enrichment of Si and Al in the clast reaction rim (red spectrum) compared to the core 
of the lime clast (blue spectrum). Clear compositional differences are observed between the 
cement matrix (green spectrum) and the lime clast.  



Fig. S9: Compositional details of lime clast reaction rims from our modern 
concrete formulations. A backscattered SEM image of the cross section of our hot-mixed 
Roman-inspired mortar sample. The visibly distinguishable (brighter) reaction rims of the lime 
clasts (denoted by the red dots) can be easily distinguished from the darker core material 
(denoted by the blue dots). Statistically relevant chemical composition differences between rim 
periphery (red bars) and clast cores (blue bars) can be observed. 



Source: https://www.science.org/content/article/why-modern-mortar-crumbles-roman-concrete-
lasts-millennia

Why modern mortar crumbles, but Roman 
concrete lasts millennia

Seawater is the secret behind the strength of the Pantheon and
Colosseum
3 Jul. 2017
By Zahra Ahmad 

Modern concrete—used in everything from roads to buildings to bridges—can break down in as 
few as 50 years. But more than a thousand years after the western Roman Empire crumbled to dust, 
its concrete structures are still standing. Now, scientists have finally figured out why: a special 
ingredient that makes the cement grow stronger—not weaker—over time. Scientists began their 
search with an ancient recipe for mortar, laid down by Roman engineer Marcus Vitruvius in 30 
B.C.E. It called for a concoction of volcanic ash, lime, and seawater, mixed together with volcanic 
rocks and spread into wooden molds that were then immersed in more sea water. History contains 
many references to the durability of Roman concrete, including this cryptic note written in 79 
B.C.E., describing concrete exposed to seawater as: "a single stone mass, impregnable to the waves 
and everyday stronger." What did it mean? To find out, the researchers studied drilled cores of a 
Roman harbor from Pozzuoli Bay near Naples, Italy. When they analyzed it, they found that the 
seawater had dissolved components of the volcanic ash, allowing new binding minerals to grow. 

P. Oleson

https://www.science.org/content/author/zahra-ahmad


Within a decade, a very rare hydrothermal mineral called aluminum tobermorite (Al-tobermorite) 
had formed in the concrete. Al-tobermorite, long known to give Roman concrete its strength, can be
made in the lab, but it's very difficult to incorporate it in concrete. But the researchers found that 
when seawater percolates through a cement matrix, it reacts with volcanic ash and crystals to form 
Al-tobermorite and a porous mineral called phillipsite, they write today in American Mineralogist. 
So will you be seeing stronger piers and breakwaters anytime soon? Because both minerals take 
centuries to strengthen concrete, modern scientists are still working on recreating a modern version 
of Roman cement.



The Pantheon in Rome is an example of
Roman concrete construction.

Roman concrete
Roman concrete, also called opus caementicium, is a
material that was used in construction in ancient Rome.
Roman concrete was based on a hydraulic-setting cement. It
was traditionally known to be durable,[1] sometimes possibly
due to its incorporation of pozzolanic ash, which prevents
cracks from spreading. Recent research has shown that the
incorporation of lime clasts allowed the concrete to self-
repair cracks. By the middle of the 1st century the material
was used frequently, often brick-faced, although variations in
aggregate allowed different arrangements of materials.
Further innovative developments in the material, called the
concrete revolution, contributed to structurally complicated
forms, such as the Pantheon dome, the world's largest and
oldest unreinforced concrete dome.[2]

Roman concrete was normally faced with stone or brick, and interiors might be further decorated by stucco,
fresco paintings, or thin slabs of fancy colored marbles. Made up of aggregate and a two-part cementitious
system it differs significantly from modern concrete. The aggregates were typically far larger than in
modern concrete as well, often amounting to rubble, and as a result it was laid rather than poured.[3] Some
Roman concretes were able to be set underwater, which was useful for bridges and other waterside
construction.

It is uncertain when Roman concrete was developed,[4] but it was clearly in widespread and customary use
from about 150 BC; some scholars believe it was developed a century before that.[5]
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Vitruvius, writing around 25 BC in his Ten Books on Architecture, distinguished types of aggregate
appropriate for the preparation of lime mortars. For structural mortars, he recommended pozzolana (pulvis
puteolanus in Latin), the volcanic sand from the beds of Pozzuoli, which are brownish-yellow-gray in
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Caesarea is the earliest known
example to have used underwater
Roman concrete technology on such
a large scale.

Ruins of the so-called "Temple of
Mercury" in Baiae, a Roman
frigidarium pool of a bathhouse built
in the 1st century BC during the late
Roman Republic,[6] containing the
oldest surviving concrete dome,[7]

and largest one before the
Pantheon.[8]

Example of opus caementicium on a
tomb on the ancient Appian Way in
Rome. The original covering has
been removed.

colour in that area around Naples, and reddish-brown near Rome.
Vitruvius specifies a ratio of 1 part lime to 3 parts pozzolana for
cement used in buildings and a 1:2 ratio of lime to pozzolana for
underwater work, essentially the same ratio mixed today for
concrete used in marine locations.[9][10]

By the middle of the first century AD, the principles of underwater
construction in concrete were well known to Roman builders. The
city of Caesarea was the earliest known example to have made use
of underwater Roman concrete technology on such a large scale.[9]

For rebuilding Rome after the fire in 64 AD, which destroyed large
portions of the city, Nero's new building code largely called for
brick-faced concrete. This appears to have encouraged the
development of the brick and concrete industries.[9]

Roman concrete, like any concrete, consists of an aggregate and
hydraulic mortar – a binder mixed with water that hardens over
time. The aggregate varied, and included pieces of rock, ceramic
tile, lime clasts, and brick rubble from the remains of previously
demolished buildings.

Gypsum and quicklime were used as binders. Volcanic dusts, called
pozzolana or "pit sand", were favored where they could be
obtained. Pozzolana makes the concrete more resistant to salt water
than modern-day concrete.[11] Pozzolanic mortar had a high
content of alumina and silica. Tuff was often used as an
aggregate.[12]

Recent research published in 2023 found that lime clasts,
previously considered a sign of poor aggregation technique, react
with water seeping into any cracks which develop and thus provide
reactive calcium to allow new crystals to form and reseal the
cracks.[13] These lime clasts had a specific structure that was most
likely created in a "hot-mixing" technique with quicklime rather
than traditional slaked lime and which provided the added
strength.[14]

Concrete, and in particular, the hydraulic mortar responsible for its
cohesion, was a type of structural ceramic whose utility derived
largely from its rheological plasticity in the paste state. The setting
and hardening of hydraulic cements derived from hydration of
materials and the subsequent chemical and physical interaction of
these hydration products. This differed from the setting of slaked
lime mortars, the most common cements of the pre-Roman world.
Once set, Roman concrete exhibited little plasticity, although it retained some resistance to tensile stresses.

The setting of pozzolanic cements has much in common with setting of their modern counterpart, Portland
cement. The high silica composition of Roman pozzolana cements is very close to that of modern cement to
which blast furnace slag, fly ash, or silica fume have been added.

Material properties
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Crystal structure of tobermorite:
elementary unit cell

The strength and longevity of Roman 'marine' concrete is understood to benefit from a reaction of seawater
with a mixture of volcanic ash and quicklime to create a rare crystal called tobermorite, which may resist
fracturing. As seawater percolated within the tiny cracks in the Roman concrete, it reacted with phillipsite
naturally found in the volcanic rock and created aluminous tobermorite crystals. The result is a candidate
for "the most durable building material in human history". In contrast, modern concrete exposed to
saltwater deteriorates within decades.[15][16][17]

The Roman concrete at the Tomb of Caecilia Metella is another
variation higher in potassium that triggered changes that "reinforce
interfacial zones and potentially contribute to improved mechanical
performance".[18]

Compressive strengths for modern Portland cements are typically at
the 50 megapascals (7,300 psi) level and have improved almost ten-
fold since 1860.[19][9] There are no comparable mechanical data for
ancient mortars, although some information about tensile strength
may be inferred from the cracking of Roman concrete domes.
These tensile strengths vary substantially from the water/cement
ratio used in the initial mix. At present, there is no way of
ascertaining what water/cement ratios the Romans used, nor are
there extensive data for the effects of this ratio on the strengths of
pozzolanic cements.[9][20][21]

For an environment as prone to earthquakes as the Italian peninsula, interruptions and internal constructions
within walls and domes created discontinuities in the concrete mass. Portions of the building could then
shift slightly when there was movement of the earth to accommodate such stresses, enhancing the overall
strength of the structure. It was in this sense that bricks and concrete were flexible. It may have been
precisely for this reason that, although many buildings sustained serious cracking from a variety of causes,
they continue to stand to this day.[22][9]

Another technology used to improve the strength and stability of concrete was its gradation in domes. One
example is the Pantheon, where the aggregate of the upper dome region consists of alternating layers of
light tuff and pumice, giving the concrete a density of 1,350 kilograms per cubic metre (84 lb/cu ft). The
foundation of the structure used travertine as an aggregate, having a much higher density of 2,200
kilograms per cubic metre (140 lb/cu ft).[23][9]

Recent scientific breakthroughs examining Roman concrete have been gathering media and industry
attention.[24] Because of its unusual durability, longevity and lessened environmental footprint, corporations
and municipalities are starting to explore the use of Roman-style concrete in North America, replacing the
volcanic ash with coal fly ash that has similar properties. Proponents say that concrete made with fly ash
can cost up to 60% less because it requires less cement, and that it has a smaller environmental footprint due
to its lower cooking temperature and much longer lifespan.[25] Usable examples of Roman concrete
exposed to harsh marine environments have been found to be 2000 years old with little or no wear.[26]

Seismic technology

Modern use
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In 2013, the University of California Berkeley published an article that described for the first time the
mechanism by which the suprastable calcium-aluminium-silicate-hydrate compound binds the material
together.[27] During its production, less carbon dioxide is released into the atmosphere than any modern
concrete production process.[28] Its disadvantages include the longer drying time and somewhat lower
strength than modern concrete, despite its greater durability. It is no coincidence that the walls of Roman
buildings are thicker than those of modern buildings. However, Roman concrete was still gaining its
strength for several decades after construction had been completed, which is not the case with modern
concretes.[29]

Ancient Rome
portal

Energetically modified cement (EMC) – Class of cements, mechanically processed to
transform reactivity
Geopolymer – Polymeric Si–O–Al framework similar to zeolites but amorphous
Roman brick – Style of brick used in Ancient Roman architecture
Roman cement – Cement made by burning septaria, unrelated to ancient Rome
Pozzolanic activity – Capacity of silica-rich materials to react with calcium hydroxyde to form
calcium silicate hydrates
Tobermorite – Inosilicate alteration mineral in metamorphosed limestone and in skarn
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