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A B S T R A C T

Cement-based materials are considered for sealing plugs in deep geological disposal of radioactive waste. 
Ensuring their long-term durability is critical for safety over millennia. The Roman Concrete (RoC) project uses 
ancient Roman underwater concretes as analogues to validate reactive transport models for long-term ageing. 
This study focuses on hydration mechanisms in Roman concrete made with Phlegrean pozzolan, slaked lime, and 
seawater. Various techniques (XRD, SEM-EDS, NMR, nanoindentation, microtomography, ICP-OES, ion chro
matography) were used to characterize hydration products. Casting underwater led to aragonite and brucite 
layers with a 60 GPa Young's modulus, protecting the concrete from further degradation. In the core, pozzolanic 
reactions produce C-(A)-S-H phases (Ca/Si = 1.2; Al/Si = 0.2) with a modulus of 12 GPa. HYTEC modeling 
confirmed the mechanism: incongruent pozzolan dissolution releases ions (K+, SiO₄4− , Al3+, Na+), promoting C- 
(A)-S-H formation and portlandite consumption.

1. Introduction

Roman concretes are attracting considerable scientific interest 
because of their durability, as demonstrated by their preservation 
despite being in contact with seawater over two millennia. Several 
studies on roman concretes have been carried out to find the charac
teristics of the raw materials, the recipe used by the Romans 2000 years 
ago and the cementation processes of Roman binders [1–6].

The writings of the architect Vitruvius in the second half of the first 
century BCE, described the cementitious materials used by Romans and 
how they built underwater concrete [7]. He emphasized the use of a 
powder (pulvis), that we now call pozzolan, which reacts with lime to 
provide durable strength to the structures in the sea. He pointed out that 
the material was found in the Phlegrean fields, in the surrounding of 
Baïa, a town adjacent to Pozzuoli (ancient Puteoli), from whence the 
modern name derives. Subsequent studies, such as the ROMACONS 
project [1], have highlighted the use of this pozzolan in Roman harbors 
across Italy, including Portus, Anzio, Santa Liberata, and Cosa. Beyond 

Italy, pozzolan from this geographic origin was also employed in the 
construction of harbors throughout the Mediterranean region. It was 
proved that pozzolan was transported from the Bay of Naples, more than 
2000 km away for the antic harbor of Caesarea Maritima, dating from the 
end of the first century BC [1]. The use of this pozzolan in the harbor of 
Chersonisos in Crete was proved as well [8,9], and ancient builders 
probably realized that the pozzolan from the Bay of Pozzuoli was among 
the most reactive in the Roman Empire [1].

In addition, the ROMACONS project culminated in an experimental 
archaeological campaign at Brindisi in September 2004, which made a 
major contribution to our knowledge of how to make Roman-style 
concrete for marine structure based on Vitruvius instructions [10]. 
Vitruvius has indicated that the pozzolan/lime ratio was around 2. But 
the components are not explicitly stated to be measured by volume 
instead of weight and uncertainties remain regarding the lime nature 
(quicklime or slaked lime). Oleson et al. [10] assumed that Vitruvius was 
referring to slaked lime and that components were measured by volume 
but there is no certainty about the quantity of water. Goldsworthy et al. 
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[11] demonstrated using an industrial lime putty that a pozzolan-to-lime 
putty volume ratio of approximately 3 yields good mechanical proper
ties. In the Brindisi experiment, the authors adjusted the Vitruvian for
mula to use 2.7 parts pozzolan for 1 part slaked lime in the upper part of 
the pilar [10,12]. The chemical analyses on sample cored from the 
Brinsidi reconstructed pila (upper part) after 6 months of curing showed 
similarity with the chemical composition of the Santa Liberata 2000 
years old roman concrete [10,12]. This point confirms the good con
sistency of the chosen raw materials.

Nowadays, cement-based materials are widely used in the nuclear 
industry for radioactive waste management [13–18]. They are even 
considered for plugs to confine the sealing structures (expansive 
bentonite-based sealing core) in the context of French deep geological 
disposal of radioactive waste [19]. The concept of deep disposal of long- 
lived radioactive waste is based on the idea that some geological for
mations (host rocks) can contain the waste packages deposited in them 
over very long periods, until the waste returns to a negligible level of 
hazard potential [20]. It is necessary to assess the performance of re
pository materials over the long timescales of interest and thus ensure 
safety. Several studies have been interested in durability of such mate
rials [21–24]. Reactive transport modeling has also been used to un
derstand and quantify the relevant processes occurring during various 
concrete degradations. These models are validated based on short-term 
observations, and are then extrapolated to predict the long-term ageing 
of concrete [25–29]. However, there is no guarantee that model 
extrapolation over large timescales is valid. Previous study has 
addressed the subject of the long-term behavior of C-S-H based on Gallo- 
Roman mortar [30]. But this study did not focus on the validation of 
long-term ageing reactive transport models nor on multi-ionic attacks in 
saturated media as will be the case of concrete plugs in the deep 
geological disposal after the closure by sealing structures. The Roman 
Concrete (RoC) project initiated by the French Institute for Radiological 
Protection and Nuclear Safety (IRSN), aims to validate the method of 
long-term extrapolation of reactive transport simulations. This will be 
performed through an archaeological analogue approach [31,32] 
focusing on the ageing of roman underwater concretes. This choice is 
justified by two main reasons. First Roman seawater concretes are 
immersed in seawater which has a chemical composition qualitatively 
equivalent to that of host rock (same chemical species with different 
concentrations) and therefore in both cases it is multi-ionic attacks in 
saturated media. Both concretes are subjected to leaching, carbonation, 
sulfate and magnesium attacks. Secondly, there are reliable archaeo
logical studies such ROMACONS project [1] on materials and process 
used by Roman two thousand years ago to make their concretes. Thus, 
the traditional approach of manufacturing, degrading and calibrating a 
reactive transport model will be done on representative roman 
concretes.

This paper summarizes the first part of the RoC project. It aims to 
understand the hydration mechanisms of underwater roman concrete 
using raw materials as close as possible to those used by Romans 2000 
years ago. So, mortar was made up with pozzolan from Phlegrean fields, 
slaked lime and seawater as proposed by Vitruvius. Different experi
mental techniques (XRD, SEM-EDS, NMR, nanoindentation, and X-ray 
microtomography) were used to study the evolution of the mineralog
ical, chemical and micromechanical properties of the solid phase during 
hydration. On the other hand, ICP-OES, ionic chromatography and pH 
measurement were used to study the pore water solution evolution 
during hydration. The interpretation of experimental results was sup
ported by reactive transport modeling with HYTEC [33]. A calibrated 
reactive transport model based on experimental results was developed 
to simulate the hydration mechanism in roman underwater concretes. 
Extrapolation of this model was compared with chemical and mineral
ogical characterizations of the Brindisi pila (19 years ageing). This study 
uniquely combines in situ samples, laboratory cast samples, and 
modeling to investigate not only the hydration mechanisms but also the 
spatial and temporal differences across the interfaces and depths of the 

samples.

2. Materials & methods

2.1. Materials

In September 2023, a core of 9 cm of diameter and 78 cm length was 
extracted from Brindisi Pila. The core was drilled on the north face at 80 
cm from the seawater level (Fig. 1b). The casting protocol can be found 
in the work of Oleson et al. [10]. This core will be identified as B19 
(Brindisi 19-year-old sample) in this work.

Natural pozzolan was obtained from the Flegrea quarry in the 
Phlegrean region. The industrial slaked lime putty CL90S commercially 
available from Saint Astier was used in this study for replicating Roman 
mortar [10]. Natural seawater was extracted from the English Channel 
off the coast of Cabourg (France). Its composition is compared to that of 
the Mediterranean Sea in Table 1, showing no significant changes. Note 
that English Channel seawater was used to make RHUM (Roman Hy
drated Underwater (seawater) Mortar) sample for microtomography. 
For logistical reasons, other tests samples were made with Mediterra
nean seawater.

The chemical composition of the pozzolan is reported in Table 2 and 
the component characteristics of the lime putty are reported in Table 3. 
The pozzolan was sieved with a 500 μm sieve before use to remove large 
grains. The use of a 500 μm sieve is simply a choice, on the one hand to 
have a representative elementary volume compatible with character
ization techniques, while optimizing sieving time, and on the other hand 
to ensure the repeatability of the tests. No aggregate, as tuff, was 
included in the formulation to focus on the binding matrix behavior. To 
increase the workability of the fresh cement paste, a certain amount of 
seawater was added, as done in the ROMACONS project [10].

The recipe used in our study is based on the ROMACONS project and 
is given in Table 3. The total water to solid mass ratio (w/s) is equal to 
0.53, the calcium to silica atomic ratio (Ca/Si) is 0.64 and the aluminum 
to silicon atomic ratio (Al/Si) is equal to 0.36 (Al2O3/SiO2 = 0.18). The 
bulk densities of pozzolan and lime putty were calculated by dividing 
the masses by the corresponding bulk volumes. The bulk densities of 
pozzolan and lime putty are 660 kg/m3 and 1200 kg/m3 respectively. 
Two kinds of samples have been made with this recipe. 

Fig. 1. (a) Drilling core from the Brindisi pila (b) Drilling localization (c) 
drilled core sample. The differences in visual appearance between the two parts 
of the extracted core are related to different drying levels, as the left part was 
extracted before the right one.
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- After casting, some samples were embedded in sealed bag for curing 
at atmospheric temperature (20 ◦C), these samples are named SBM 
(sealed bag mortar).

- The other samples are submerged with one face directly in seawater 
with partial pressure of CO₂ at 400 ppm (partial pressure of ambient 
CO2), the other faces of the samples are waterproof to ensure a 
unidirectional diffusion. These kinds of samples are named RHUM 
(roman hydrated underwater (seawater) mortar).

The SBM samples were used to study the hydration processes in 
roman underwater sound zone and RHUM samples were used to focus on 
the mortar-seawater interface during hydration of Roman underwater 
concrete. This experiment aims to replicate and study on a laboratory 
scale the processes that took place at the mortar-seawater interface of 
roman underwater mortar. Note that the use of lime putty added some 
amount of pure water in the system (Table 3).

2.2. Methods

2.2.1. Solid phase analysis
Loss on ignition (L.O⋅I) test was carried out on the pozzolan in 

accordance with standard NF P18–807. Two crucibles containing 1 g of 
pozzolan were subjected to 450 ◦C in a muffle furnace Thermo Scienti
fic™ for 2 h. Then crucibles were removed from the furnace and placed 
in desiccators for cooling at room temperature. The LOI value is the 
percentage of mass lost during ignition of the sample.

ICP-OES analysis was performed to determine the pozzolan's chem
ical composition as done by [35] on pulverized cement binder. A 
quantity of 150 mg of pozzolan was fused with 900 mg of lithium 
metaborate at 550 ◦C for 5 min for the first heating stage and at 980 ◦C 
with stirring speeds and angles that vary over time for 15 min for the 
second heating stage. The fusion residue was dissolved with 179 mL of 
HNO3 of 1 mol/L, 20 mL of H2O2 (10 % by volume) and 1 mL of Glycerol 
(0.5 % by volume). The solution was diluted for the determination of Al, 
Ca, Fe, K, Mg, Mn, Na, P, Si and Ti expressed as Al2O3, CaO, Fe2O3, K2O, 
MgO, MnO, Na2O, P2O5, SiO2 and TiO2 (Table 2). The characteristics of 

used ICP-OES are provided in the following section (Pore solution 
analysis).

SEM-EDS analyses were carried out on carbon metallized polished 
sections. The acquisition was performed on SEM Zeiss EVO-25 with two 
EDS Brüker 7030 XFlash at 15 keV. The pixel size is 2.8 μm, at the limit 
of the interaction pair for this type of material [36]. Since the images 
obtained contain 401,240 pixels, the average number of photons per 
pixel exceed 4000 to estimate the intensity distribution and 10,000 to 
enable atomic quantification. A Phi-Rho-Z quantification method [37] 
was applied on hyperspectral images to extract in each pixel the atomic 
distribution. A clustering method based on the Gaussian Mixture Model 
[38–40] was applied to the quantification results (Fig. 5) or the intensity 
distribution (Fig. 9) to group pixels according to their chemical signa
ture. The number of clusters was determined using the elbow method 
[41,42]. Secondary electron (SE) images were acquired using a FEG- 
SEM Thermofisher QUATTRO S operated at an accelerating voltage of 
3 kV. Prior to analysis, the samples were coated with a layer of gold (Au).

The XRD analyses presented in this paper were carried out with an 
Aeris Research Edition diffractometer from Malvern-Panalytical in θ −
2θ configuration, under CuKα radiation (λ = 1.54 Å) with a divergence 
slot of 0.5◦ and a rotation platform. The scan region was in the range 
(2θ) from 5◦ to 70◦. The analyses were performed on slices of polished 
samples during 20 min for RHUM samples. The distance between the 
surface and each polished slice was approximated with a digital in
strument as done by Dewitte et al. [43]. The analyses were performed on 
crushed samples during 2 h for SBM. The Quantitative Phase Analysis 
(QPA) was performed with Panalytical HighScore Plus [44] according to 
the recommendation of Scrivener et al. [45]. The contribution of C-A-S- 
H and the amorphous part of the pozzolan were estimated using the 
PONCKS approach [46,47]. In fact, a diffraction pattern of a 5-year-hy
drated C-S-H with Ca/Si ratio of 1.2 was used to fit the main component 
C-(A)-S-H. The PONCKS approach was validated using thermogravi
metric analysis (TGA) as recommended by Li and Scrivener [46]. To 
maintain conciseness, TGA results are not presented in this paper. The 
excellent mineralogical literature on Roman mortars [2,4,48–51] was 
considered for the choice of minerals in the XRD database. The minerals 
identified in this paper were extracted from Crystallography Open 
Database (COD) as detailed in Table 4.

Nanoindentation tests were performed using a nano-indenter (NHT3, 

Table 1 
Composition of compounds in seawater extracted from the English Channel off the coast of Cabourg (France) and the Mediterranean Sea, showing that their chemical 
compositions are relatively close.

Compound Mg2+ Ca2+ Na+ K+ Cl− SO4
2− HCO3

− pH Reference

Mediterranean Sea [mg/L] 1600 450 11,400 397 22,330 3070 – – [34]
English Channel sea [mg/L] /pH 1195 417 9611 427 17,834 2519 146 8.2 This study

Table 2 
Chemical composition and Loss on ignition (L.O.I) of pozzolan from the Flegrea quarry determined by ICP-OES.

Oxides Al2O3 CaO Fe2O3 K2O MgO MnO Na2O P2O5 SiO2 TiO2 L.O.I

Mass (wt 
%)

15.87 ±
1.06

2.52 ±
0.14

3.18 ±
0.22

7.21 ±
0.53

0.80 ±
0.05

0.11 ±
0.05

3.25±
0.21

0.14 ±
0.01

51.96 ±
4.25

0.38 ±
0.03

11.23 ±
0.09

Table 3 
Composition of compounds of replicated roman mortar.

Compounds Mass 
ratio

Volume 
ratio

Lime putty (data from 
producer)

Mineral 
composition 
(g/100 g of lime 
putty)

0.44 0.31

Portlandite 35.5
Calcite 4.5
Pure water 60

Pozzolan 
(from Flegrea quarry in Phlegrean fields)

0.48 0.62

Sea water 0.08 0.07

Table 4 
References of crystallographic data used for Rietveld analysis.

Mineral COD reference code Reference

Calcite 2,100,993 [52]
Ettringite 9,015,084 [53]
Portlandite 9,000,113 [54]
Phillipsite-Ca 9,011,149 [55]
Hydrocalumite 9,009,353 [56]
Analcime 9,002,000 [57]
Biotite 9,001,264 [58]
Sanidine 9,009,662 [59]
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Anton Paar ®) with a Berkovich tip on polished sections (prepared for 
SEM-EDS analysis) of the SBM, RHUM and B19 samples. The tests were 
controlled for depth and force (Max depth = 300 nm, loading rate = 12 
mN/min, pause = 10 s) on a grid domain of 350 μm * 350 μm (distance 
between indent = 10 μm) as done by [60].

29Si and 27Al MAS NMR were performed on the Flegrea quarry 
pozzolan and SBM samples of different hydration times using a Bruker 
Avance IV NEO 500WB spectrometer (11.7 T magnetic field) for the 27Al 
nucleus and a Bruker Avance II 300WB spectrometer (7 T magnetic field) 
29Si nucleus. Spectra were acquired with a Bruker CPMAS (Cross-Po
larization Magic Angle Spinning) 4 mm probe (powder samples com
pacted in ZrO₂ rotors, about 100 mg) at a spinning frequency of 12.5 kHz 
(rotation period 80 μs).

X-ray microtomography analyses were performed on RHUM samples 
after 0.25, 0.7, 2, 4, 6 and 8 months in seawater. A Bruker SkyScan 1173 
CT scanner was used, equipped with a 2 k pixel detector working at 130 
keV and 61 μm. Acquisitions were performed with a 180◦ rotation at step 
of 0.2◦, frame average numbers of 8, voxel size of 11.8 μm. A median 
filter of radius 2 was applied after data reconstruction. To segment 
calcium carbonate phases from μCT data, including surface crusts, four 
representative slices per scan were manually labeled using a Gaussian 
Mixture Model (GMM) [40], producing binary masks (calcium carbon
ate phases vs. other phases). These were used to train a U-Net CNN [61] 
with dilated convolutions and global context injection. The model was 
optimized using the Adam optimizer and a binary focal cross-entropy 
loss to address class imbalance. Training employed early stopping and 
learning rate reduction. Segmentation was then applied to sub-volumes 
composed of stacked 2D slices (40,000 voxels each), enabling 3D 
reconstruction of surface crusts over time. [62]

2.2.2. Pore solution analysis
The chemical composition and pH of the pore solution were deter

mined at different periods of hydration. The pore solution was obtained 
using an ex-situ leaching method [63]. For each period of hydration, 6 g 
of a hardened SBM sample were ground and put in suspension with 54 
mL of Milli-Q water in glove box kept under nitrogen atmosphere. These 
amounts were used to have a water to solid ratio of 9 mL/g as done by 
Codina [64]. The suspension was stirred for 24 h and was filtered 
through 0.45 μm PES VWR® filters. Some amount was acidified to 2 % of 
nitric acid to prevent any solid phase precipitation until inductive 
coupled plasma optical emission spectroscopy (ICP-OES, Thermo Fisher 
ICAP™ 7600 Duo) analysis. For this test, solutions were diluted at 
dilution factor of 1×, 10×, 100×, 1000× and 10,000× depending on the 
element concentration as the maximum that can be detected in our 
analysis condition is 5 mg/L. The concentration of Cl and sulfate ions 
were measured on solution without acidification using ionic chroma
tography (930 Compact IC Flex from Metrohm). The pH measurements 
were performed immediately after filtration in the glove box with a pH 
meter Multi 3420 WTW. The pH electrode was calibrated against po
tassium dihydrogen phosphate/dihydrogen sodium phosphate solutions 
of known concentrations.

2.2.3. Reactive transport modeling

2.2.3.1. Reactive transport equations. Modeling of the hydration and 
evolution of SBM and RHUM samples was performed using the reactive 
transport code HYTEC [33], which has been used extensively in the 
context of cementitious materials [65–68]. HYTEC accounts for the 
multi-species transport coupled to the various geochemical reactions 
(aqueous complexation, redox reactions, sorption, mineral dissolution/ 
precipitation, …). The coupling between chemistry and diffusive 
transport was simulated using (Eq. (1)), in water-saturated conditions 
[33]. De is the effective diffusion coefficient [m2/s] for all the dissolved 
species, ∅ is the material total porosity, ci and ci are respectively the 
basis species i mobile total concentration [mol/L] in solution and 

immobile total concentration [mol/L]. 

∂∅ci

∂t
= ∇.(De(∅)∇ci ) −

∂∅ci

∂t
(1) 

The porosity change induced by mineral dissolution and precipita
tion impacts the transport properties [69]. This modification is consid
ered here using a modified version of Archie's law [33]: 

De(∅) = De(∅0)

(
∅ − ∅c

∅0 − ∅c

)α

(2) 

where α is an empirical coefficient usually equal to 3 for cementitious 
materials [66], ∅0 is the initial porosity equal to 0.5, and ∅c is a 
threshold under which diffusion stops and is equal to 0.02.

2.2.3.2. Chemical and physical data. The 2020 version of Thermoddem 
thermodynamic database was used [70]. The properties of all phases 
considered during the modeling are given in Table 5. In addition, due to 
the limited amount of C-A-S-H phases in this database, the 5CA C-A-S-H 
description of CEMDATA was added [71].

2.2.3.3. Modeling approach. The initial mineralogy was set according to 
the results obtained by QPA XRD (based on Rietveld + PONKCS) and 
presented in Fig. 4. All the solid phases are modelled according to the 
thermodynamic equilibrium. In addition, a kinetic approach is used to 
describe the pozzolan reactivity. The pozzolan dissolution is modelled as 
incongruent with two solid phases: “P” and amorphous silica. The “P” is 
a created phase with the following reaction: 

P+H+→0.2 Al3+ +0.15K+ +0.25Na+ +H4SiO4 with logK = 3 (3) 

which was derived from an aggregate composition of Sanidine and 
Analcime. This phase dissolution intends to drive the releasing of Al3+, 
K+, and Na+ to fit experimental data obtained from the pozzolan 
dissolution by ICP-OES. Thus the “P” reactivity was adjusted to repre
sent porewater composition evolution during the hydration mechanism, 
following the kinetic rate law: 

R =
d[P]
dt

= kSs[P]
(

Q
K
− 1

)

(4) 

with k being the rate coefficient (2 × 10− 11 mol/m2/s) with a specific 
surface area Ss of 1 m2/g. Q represents the ion activity product and K the 
solubility constant from the database. Precipitation of this phase is not 
allowed in the model to follow experimental observation. The other 
source of silica, represented by the presence of amorphous silica (Fig. 3), 
has a rate constant of 2 × 10− 11 mol/m2/s and a specific surface area of 
30 m2/g. Note that the choice of kinetic expressions and parameters 
have been motivated to reproduce as simply as possible the observed 
early trends during the hydration processes. Our focus is on the pre
cipitation of hydrates and the mineralogical evolution over time. Then 
the early transformation of Phillipsite to analcime reported by Jackson 
et al. [5] was not considered here to focus on pozzolanic and post- 
pozzolanic reactions.

Two simulations are performed. First, batch simulations are per
formed to understand the hydration processes and their effects on 
porewater composition and mineralogy. This simulation includes the 
various potential hydrates (Ettringite, Gypsum, Friedel Salt, C-(A)-S-H of 
varying Ca/Si ratio, …), which are listed in Table 5. Strätlingite, calcium 
aluminate hydrate and Hc(carbon aluminate phases) predicted by pre
vious study [72] are not considered here as XRD did not show their 
presence. Secondly, a 1D reactive transport simulation is performed to 
study how the interface with seawater affects the equilibrium reaction. 
The 1D configuration is justified for the RHUM sample since only the top 
wall of the mortar is in contact with seawater. The domain considered 
for the modeling is made up of three rectangular sub-domains. The first 
one represents the seawater tank, the second is for the mortar-seawater 
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interface. The last is the RHUM sample. The seawater tank volume is 5 ×
10− 4 m3 and modelled as one rectangular grid of 40 μm in width, the 
same grid was used for the second zone. The RHUM sample volume is 
2.1 × 10− 5 m3 and modelled as a rectangular grid of 0.5 mm in width 
composed of 125 rectangular meshes. The seawater porosity was 
adapted to respect the experimental ratio between the volume of 
seawater and the RHUM sample volume (Seawater/RHUM = 24). 
Seawater chemistry is in equilibrium with calcite and a constant atmo
spheric p(CO2) = 400 ppm. Total dissolved concentrations of major 

elements are reported in Table 1 consistent with mediterranean 
seawater composition.

The initial effective diffusion coefficient De was 2 × 10− 9 m2/s in the 
water. The initial effective diffusion coefficient De of the mortar was 1 ×
10− 9 m2/s. This value is higher than that of a hardened cement paste 
[73], because in the initial state the RHUM sample had not hardened.

A schematic representation of the overall approach, including the 
multi-technique characterization performed, is shown in Fig. 2.

Table 5 
Thermodynamic formation constants at chemical equilibrium of the solid phases considered in geochemical modeling, [70] cited by [65]. (1) 5CA C-A-S-H description 
of CEMDATA [71]. (2) The logK (25 ◦C) of Friedel salt has been increased from − 74.946 to − 72.946 to favor its precipitation in line with hydrocalumite precipitation 
(Fig. 4).

Solid phase Chemical equation Log K 25◦ C Density (kg/m3)

Cement hydrates
C1.6SH 3.2Ca2+ + 2 H4SiO4 + 2.6128 H2O - 6.4H+

→ (CaO)3.2(SiO2)2(H2O)3.4128

− 55.99 2506

C1.4SH 2.8Ca2+ + 2 H4SiO4 + 1.9144 H2O - 5.6H+

→ (CaO)2.8(SiO2)2(H2O)3.1144

− 46.93 2447

C1.2SH 2.4Ca2+ + 2 H4SiO4 + 1.1895 H2O - 4.8H+

→ (CaO)2.4(SiO2)2(H2O)2.7895

− 38.09 2389

C1SH 2Ca2+ + 2 H4SiO4 + 0.3978 H2O - 4H+

→ (CaO)2(SiO2)2(H2O)2.3978

− 29.47 2358

C0.8SH 1.6 Ca2+ +2H4SiO4–0.218 H2O - 3.2 H+

→ (CaO)1.6(SiO2)2(H2O)2.182

− 21.18 2299

5CA(1): C1.25A0.125SH1.625 1.25Ca+2 + 0.25Al3+ + H4SiO4 + 1.25H2O -3.25H+ → (CaO)1.25(SiO2)(Al2O3)0.125(H2O)1.625 − 21.62 3017
Ettringite 2Al3+ + 6Ca2+ + 3SO42− + 38 H2O 

→ Ca6Al2(SO4)3(OH)12⋅(H2O)26(H+)12

− 57.00 1767

Portlandite Ca2+ + 2H2O → Ca(OH)2 + 2 H+ − 22.81 2241

Other phases
Gypsum Ca2+ + SO4

2− + 2 H2O → CaSO4.0.2 H2O 4.61 2305
Calcite Ca2++ HCO3

− → CaCO3 + H+ − 1.85 2710
Gibbsite Al3+ + 3H2O → Al(OH)3 + 3 H+ − 7.73 2441
Amorphous silica SiO2(aq) → SiO2(am) 2.69 2072
Friedel Salt 2 Al3+ + 4Ca2+ + 2Cl− + 16 H2O 

→Ca2Al(OH)6(Cl, OH)⋅2 H2O + 12H+

− 74.946 
− 72.946(2)

2032

Fig. 2. Schematic representation of the overall approach, including the multi-technique characterization per-formed.
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3. Results

All raw data and post-processing scripts used for this study can be 
found at:

https://www.data.gouv.fr/fr/datasets/data-of-article-hydration-me 
chanisms-in-roman-seawater-concrete/.

3.1. Hydration processes on the internal domain of cast samples referred 
as sound zone

3.1.1. Mineralogical evolution during hydration
The QPA XRD analyses were performed on the Flegrea quarry 

pozzolan to determine its mineralogical distribution. Results are pre
sented in Fig. 3 (a).

The XRD pattern shows a significant hump with minor peaks. This 
hump is related to the amorphous phases [74]. It means that the Flegrea 
quarry pozzolan is mainly amorphous with minor crystallized minerals. 

The amorphous phase is the volcanic glass phase of the pozzolan and is 
estimated to represent 90 wt-% of the pozzolan with some crystalline 
minerals such as sanidine (7 wt-%), analcime (2 wt-%) and phillipsite-Ca 
(1 wt-%). Note that sanidine, analcime and phillipsite were also found in 
Yellow Napolitan Tuff used for the experimental reproduction of the 
Roman concrete at Brindisi [1]. The hump was extracted from the XRD 
pattern of the pozzolan, representing the amorphous part (the volcanic 
glass phase). The fitted crystallographic information was then used to 
quantify the amount of amorphous phase of pozzolan in B19 and SBM at 
different periods of hydration.

Quantitative phases analyses (QPA) based on Rietveld + PONKCS 
methods were performed on B19 and are presented in Fig. 3 (b). The 
main phases are C-(A)-S-H type phase (57 wt-%), unreacted amorphous 
phase of the pozzolan (AP) (20 wt-%) and hydrocalumite (10 wt-%). No 
traces of Portlandite were noticed in the matrix. However previous 
studied conducted by the ROMACONS team on the same pila [49,50] 
showed the presence of portlandite until sixty months. The portlandite 

Fig. 3. (a) QPA XRD of pozzolan from the Flegrea quarry showing that it is mainly amorphous with minor minerals. (b) Pattern decomposition of B19. Note that 
amorphous pozzolan stands for the amorphous phase of the pozzolan which is the volcanic glass phase of the pozzolan.
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was completely consumed later. This information can help with the 
study of reaction kinetics of Vitruvian pozzolanic mortar. A limited 
amount of carbonation products were detected. This technique (QPA) 
was also performed on SBM samples for different curing periods. X-ray 
diffraction data and the post-treated results are available (see Data 
Availability section). These results are plotted in Fig. 4. It showed that 
while the amount of amorphous pozzolan (AP) and portlandite (CH) 
decreased, the amount of C-(A)-S-H phase increased, confirming the 
pozzolanic reactions to form C-(A)-S-H. At 172 days of curing the 
amount of CH (about 5 wt%) agrees with that determined by TG on B19 
at 6 months of curing (6.2 wt% at the bottom core) [12]. The amount of 
hydrocalumite increased as well. The secondary phases showed on Fig. 3
(b) did not exhibit significant variations during hydration and were not 
included in Fig. 4 for clarity reasons.

29Si and 27Al MAS NMR were performed on the Flegrea quarry 
pozzolan and SBM samples of different hydration times to evaluate Al 
and Si coordination states during the hydration of “Roman” mortar. 29Si 
MAS NMR investigation (Fig. 4b) shows significant contributions in two 
main ranges − 100 to − 90 ppm and − 90 to − 77 ppm. The first one is a 
wide band with a chemical shift around − 97 ppm corresponding to a Q3 

environment consistent with a phyllosilicate structure with infinite 
sheets [75], suggesting that Flegrea pozzolan contains such structural 
motifs. In SBM samples, the intensity of this − 97 ppm signal progres
sively decreases with hydration, indicating pozzolan consumption, in 
line with XRD results (Fig. 4a). The contributions in the ranges − 90 to 
− 77 ppm show chemical shifts which are related respectively to 
branching positions Q2 and Q1 of C-(A)-S-H of previous study [76]. Note 
that these signals are absent or barely detectable in the pozzolan and 
increase over time in SBM samples, reflecting the growth of the C-A-S-H 
phase, as also evidenced in Fig. 4. 27Al MAS NMR spectra show com
parable trends. Initially, aluminum in the pozzolan is mainly present as a 
tetrahedrally coordinated species around 55 ppm, which decreases with 

hydration. Hydration influences two additional spectral regions. First, a 
signal in the 70–80 ppm range, initially absent or barely visible, emerges 
and intensifies in SBM samples, corresponding to tetrahedrally coordi
nated Al (AlIV) in C-A-S-H [77]. Second, a region between 10 and 20 ppm 
reflects octahedrally coordinated Al [76]. A resonance at ~9.2 ppm 
attributed to Friedel's salt is also observed [77–79], and its increasing 
intensity with hydration confirms the formation of hydrocalumite-like 
phases, as supported by the XRD analysis (Fig. 3a). [76] [77–79].

3.1.2. Pore water chemistry evolution during hydration
The evolution of the pore water pH and composition was measured. 

Results from B19 and SBM sample after 1, 7, 40, 119 and 283 days of 
hydration are presented in Fig. 10. The pH seems relatively constant 
around 12.6 during 283 days. However, the Ca2+ decreases with hy
dration time (from 18 mmol/l after 1 day of hydration to 9 mmol/l after 
283 days). The decreasing of calcium with hydration time here is in line 
with increasing of alkali concentration (K+ and Na+) due to the pozzolan 
dissolution.

On the other hand, the porous solution pH of B19 is around 12.2 and 
its calcium concentration is around 2.8 mmol/l. These values are lower 
than those of SBM. The lower pH is in line with the absence of por
tlandite in B19 matrix as shown in previous section with XRD analysis.

3.1.3. Coupling mineralogical and mechanical evolution during hydration
SEM-EDS analysis was performed on B19 and results from phase 

recognition were presented on Fig. 5a. Seven main phases were found 
and the chemical compositions of each are presented in Table 6. Based 
on these chemical compositions and B19 mineralogical composition 
estimated by XRD (Fig. 3b), minerals were assigned to each phase 
(Table 6). Accordingly, the predominant phase (label_0) is C1.2A0.1SH. 
The pozzolan is assigned to the phase of label_1. As EDS measurement 
depth is 3 μm in our test conditions some mix of minerals is possible. 

Fig. 4. a) Mineralogical evolution of the main phases of the SBM sample depending on the hydration time showing the decreasing of amorphous pozzolan (AP) and 
Portlandite (CH) while C-A-S-H and hydrocalumite increased. For clarity reasons the secondary phases are not plotted. Note that amorphous pozzolan stands for the 
amorphous phase of the pozzolan which is the volcanic glass phase of the pozzolan. b) 29Si and c) 27Al MAS NMR spectra of the Flegrea quarry pozzolan and SBM 
samples for different hydration times, T-A-H stands for third aluminate hydrate.
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Fig. 5. Chemical and micro mechanical properties of B19: (a) EDS phase recognition showing seven main clusters (estimated with GMM segmentation). Their 
chemical compositions are summarized in Table 6. (b) Mapping of Young's modulus in B19 sample.

Table 6 
Chemical compositions given in atomic percent associated with EDS phase recognition (Fig. 5b) with assigned phases.

Label 0 1 2 3 4 5 6

Ca % 41 5 47 33 28 29 42
Si % 34 55 20 24 35 38 31
Al % 7 18 17 7 17 11 7
Na % 9 7 6 10 8 10 10
Cl % 4 1 7 17 3 1 3
K % 3 12 2 3 5 7 4
Fe % 1 2 1 2 2 2 –
Mg % 1 1 – 1 2 1 –
Ca/Si 1.21 0.09 2.35 1.38 0.80 0.76 1.35
Al/Si 0.21 0.33 0.85 0.29 0.49 0.29 0.23
Potential 

phase C1.2A0.1SH Pozzolan
~ 59 % Hydrocalumite + ~ 41 % C- 
A-S-H

C-A-S-H + minor 
Hydrocalumite ?

Pozzolan + Hydrocalumite + C- 
A-S-H C1.35A0.12SH

Fig. 6. Nano-indentation results of SBM at: (a) 28 days of hydration, (b) 150 days of hydration and (c) B19 sample. d) Legend and Gaussian properties.
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Indeed, phase of label_2 is a mix of hydrocalumite and C1.2A0.1SH.
Nanoindentation measurement was performed on SBM samples at 28 

and 150 days of hydration time and frequency plots obtained from re
sults are compared with that of B19 (Fig. 6). Note that the four indented 
zones of B19 sample were the ones analysed by SEM-EDS. Young's 
modulus mappings in B19 sample are presented with SEM-EDS mapping 
(Fig. 5b). For all samples a GMM segmentation were used to make phase 
deconvolution basing on histograms. Eight main clusters (groups) were 
considered. The Young's modulus values of these groups are centered at 
a mean of 8, 12, 17, 28, 35, 51, 59 and 81 GPa.

It can be observed that the percentage of cluster of ID_b (12 GPa 
Young's modulus) increases with hydration time (around 18 %, 28 % and 
60 % respectively at 28 and 150 days of hydration and on the Brindisi 
19-year-old sample). Note that XRD-QPA (Rietveld + PONKCS) result 
presented on Fig. 4 showed increasing with hydration time of C-(A)-S-H 
phase (around 21 wt%, 32 wt% and 57 wt% respectively at 28 and 150 
days of hydration and on the Brindisi 19-year-old sample). This miner
alogical evolution could be related to the micro mechanical evolution of 
cluster of ID_b (12 GPa Young's modulus). Then the Young's modulus of 
C-(A)-S-H phase of roman underwater concrete studied here is about 12 
GPa. This value is lower than that estimated by previous studies [80], 
which reported values ranging from 18 to 36 GPa for C–S–H in cement 

pastes cured at temperatures close to room temperature. Considering the 
properties of the C-S-H which gives a Young's modulus greater than 30 
GPa [81], its decrease suggests an increase of the porosity, in view of the 
various studies on the subject. The clusters of ID_c (17 GPa), ID_d (28 
GPa) and ID_f (51 GPa) decrease with hydration time. These cluster 
evolutions could be related to the pozzolan evolution during hydration.

3.2. Hydration processes at the seawater interface

3.2.1. Mineralogical evolution from the mortar-seawater interface 
(surface) to the internal domain (sound zone) of cast samples

A focus is made here on the processes that occur on the mortar- 
seawater interface. XRD were performed on a polished slice from the 
RHUM sample from the interface to the sound zone after 63 days. The 
diffractograms are presented in Fig. 7. It shows a monocrystal layer (less 
than 90 μm) of aragonite on the interface. This layer is followed by a 
polycrystal (from 90 μm to 370 μm) layer composed mainly of brucite 
and minor minerals such as halite and aragonite. Halite precipitation is 
induced during the drying associated to the XRD testing. Further down, 
there is an area (from 430 μm to 720 μm) with brucite, ettringite and 
hydrocalumite. There is less or no brucite and ettringite starting from 
930 μm and 4590 μm respectively. The sound zone, in which Portlandite 

Fig. 7. X-Ray diffraction patterns from the mortar-seawater interface (surface) to the sound zone. XRD tests were performed on the slice of polished RHUM sample 
after 63 days. Colormaps on the right indicate the precipitation extent of aragonite, brucite and ettringite.

F.J. Sohounme et al.                                                                                                                                                                                                                            Cement and Concrete Research 201 (2026) 108114 

9 



appears, appears at 6700 μm.
X-ray microtomography analyses were performed on the RHUM 

sample after 0.25, 0.7, 2, 4, 6 and 8 months in seawater and the results 
are presented in Fig. 8. Segmented data of the crust (Fig. 8a) show its 
growth with time. The different zones from the mortar-seawater inter
face to the internal domain (sound zone) are presented in Fig. 8b. A low- 
density zone can be seen just beyond the interface (about 3 mm and 4 
mm for the 0.7 and 2 months respectively which correspond to the 
degraded zone. This zone is linked to the portlandite depleted zone ac
cording to XRD results Fig. 7. Note that it is more obvious to distinguish 
the degraded zone from the sound zone for the 0.7 month sample than 
that of 2 months. It could be imagined that the crust formation limits 
degradation and delayed hydration occurs in the degraded zone if the 
saturated system is closed.

3.2.2. Chemical and mechanical evolution from the mortar-seawater 
interface to the internal domain (sound zone) of cast samples

SEM-EDS analysis was performed on the RHUM sample from the 
mortar-seawater interface to the sound zone. Results are presented in 
Fig. 9. The Ca intensity ratio shows three main zones typical of aqueous 
carbonation of cementitious matrix. At the interface, there is a crust of 
calcium followed by a highly Ca-depleted zone. The calcium crust size is 
about 75 μm. This crust is related to aragonite at the interface as shown 
by XRD results (Fig. 7) and secondary electron image (Fig. 9a). Further 
in the material, the intensity of the Ca signal increases progressively 
from the Ca-depleted zone towards the sound zone of the mortar. It is a 
gradual decalcification from the surface in contact with seawater to
wards the material sound zone. Mg intensity ratio shows a magnesium 
crust (about 225 μm) larger than that of calcium. The Mg layer is in line 
with the brucite as shown by XRD result (Fig. 7) and secondary electron 
image (Fig. 9c). Si and Al intensity ratio seems to show that the Ca and 
Mg crusts did not precipitate in the mortar but at the mortar-seawater 
interface.

Nano indentation was performed on the crust and the sound zone. 
The results presented on Fig. 9d show on the left the Young's modulus of 
the aragonite + brucite crust. The crust is mechanically strong (about 60 
GPa) against 12 GPa of Young's modulus for the mortar matrix. As shown 
in Fig. 8b the Ca-depleted zone is low in density and then with high 
porosity. Nanoindentation tests conducted on this zone failed, likely due 

to its rugosity.

4. Discussion

4.1. Reactive transport modeling of hydration mechanisms in roman 
underwater concrete

4.1.1. Mineralogical and porous water chemistry evolution during 
hydration

According to the modeling presented in Fig. 10 and focusing on the 
evolution of the main minerals, dissolution and precipitation reactions 
occur simultaneously. At the initial state the portlandite is in equilib
rium at pH = 12.45 with 20 mmol/l for calcium concentration 
(Fig. 10a). When pozzolan is added to the system, its incongruent 
dissolution releases K+, SiO4

4− , Al3+, and Na+ ions into the pore solution, 
in line with the simulated evolution of these ions, Fig. 10 (c), (d), (e). 
The release of potassium, silicium and sodium during dissolution of 
volcanic ash (pozzolan) components agrees with previous study [5]. 
With these chemical changes, the solubility of C-(A)-S-H is reached, and 
it precipitates consuming calcium in solution, increasing portlandite 
dissolution (Fig. 10h). The amorphous pozzolan reactivity was described 
to fit the experimental data on porewater composition evolution during 
the hydration mechanism, following the kinetic rate law presented in 
(Eq. (4)). Note that pozzolan dissolution rate decreases very quickly.

Our modeling results predict the formation of C-(A)-S-H, ettringite, 
and Friedel salt. The presence of C-(A)-S-H and ettringite agree with the 
XRD results. There is no thermodynamic data available on hydro
calumite. This gap presents an interesting research avenue for the sci
entific community. Friedel salt was then used to simulate hydrocalumite 
precipitation found with XRD as these minerals are quite similar.

The extrapolation of model predicts that all portlandite will be 
consumed later, and the C-(A)-S-H of high Ca/Si ratio will continue to 
react with amorphous pozzolan to form a mix of C-S-H and C-A-S-H of 
low Ca/Si ratio (with an average close to 1.2). The exact composition of 
this solid phase should be further studied, due to the limited thermo
dynamic data on C-A-S-H phases. The evolution of porewater chemistry 
and associated mineralogy are thus in line with the characterizations of 
the B19 sample, displayed by dashed lines in Fig. 10.

4.1.2. Mineralogical evolution from the mortar-seawater interface 
(surface) to the internal domain (sound zone) of cast samples

The XRD and EDS analyses of the RHUM sample, shown in Fig. 7 and 
Fig. 9 respectively, revealed carbonation, magnesium and sulfate 
enrichment at the seawater-mortar interface. These phenomena result 
from the interaction between HCO−

3 , Mg2+ and SO2−
4 ions from seawater, 

and Ca2+ and Al3+ ions from mortar. Portlandite and gibbsite (repre
sentative of an amorphous source of aluminum) are then used to 
simplify the mortar in RHUM simulation. The results are presented in 
Fig. 11. Several reactions took place at the seawater-mortar interface 
during the hydration. Portlandite at the surface dissolves due to the low 
pH of seawater (pH = 8.2). The Ca2+ resulting from this dissolution 
reacts with seawater carbonate to form calcium carbonate (aragonite) at 
seawater-mortar interface. This layer is followed by a deeper layer of 
brucite resulting from the reaction between seawater Mg2+ and OH−

(from portlandite dissolution and present in the pore solution). Further 
sulfate enrichment from seawater lead to ettringite and gypsum pre
cipitation. These successive layers of calcium carbonate, brucite and 
ettringite agree with the zonation found by Jakobsen et al. in marine 
concrete [82].

The successive mineralogical fronts simulated here (Fig. 11) agree 
with SEM-EDS chemical evolution (Fig. 9) and XRD analyses (Fig. 7). 
However, XRD analyses did not show precipitation of gypsum. Not 
shown here, XRD analysis was performed on seawater-portlandite 
sample interface. The experimentation was carried out as done for 
RHUM sample without pozzolan. It was shown the precipitation of 

Fig. 8. Microtomography computed images on a RHUM sample at 0.25, 0.7, 2, 
4, 6 and 8 months of exposure to seawater: (a) Segmented data of the crust 
showing its increasing in size with time. (b) Raw data showing different zones 
from the mortar-seawater interface to the internal domain (sound zone).
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gypsum in contrast with RHUM sample. The reason for that may be the 
aluminum released by the dissolution of pozzolan favors ettringite 
precipitation to the detriment of gypsum.

The simulated porosity evolution from the mortar-seawater interface 
shows a decrease in porosity due to precipitation of new-minerals, in 
line with the increased relative density of the crust found with micro
tomography presented in Fig. 8. Just near the sound zone, the porosity 
increased due to portlandite dissolution on the one hand and due to the 
absence of neoformed phases on the other hand. Accordingly, the rela
tive density of the corresponding zone on Fig. 8 decreased. Note that the 
porosity decrease due to neoformed minerals reduces diffusion process 
while hydration progresses in the sound zone. According to the pa
rameters chosen for modeling, the effective diffusion coefficient of the 
crust (brucite + carbonate layer) is lower than that of the sound zone.

4.2. Roman underwater concretes as low-pH cementitious materials

Previous studies on Brindisi replicated roman concrete conducted by 
ROMACONS project at 6, 42 and 60 months of curing [83,84] have 
shown the presence of portlandite. In our study, XRD did not indicate the 
presence of portlandite in the Brindisi 19-year-old matrix (B19). This 
agrees with the low pH = 12.2 of its pore solution instead of 12.5 when 
portlandite controls the pH. Furthermore, EDS analysis has indicated 
Ca/Si = 1.2 for B19 matrix instead of 1.6 when the matrix is in equi
librium with portlandite. The low pH and Ca/Si ratio of B19 are like 
those of low-pH cementitious materials [24,85]. The diffraction pattern 
of B19 is relatively similar with that of a low-pH (T3 sample made with 

20 wt% of Portland cement, 50 wt% of silica fume and 30 wt% of fly 
ashes [24]), as presented in Fig. 12. The reason for their similarity is the 
low Ca/Si ratio of both systems due to the high silica content. When all 
portlandite has been consumed through pozzolanic reactions, silica 
continues to be produced by the pozzolan dissolution and reacts with C- 
A-S-H to decrease the Ca/Si ratio from 1.6 to 1.2. The transformation of 
reactive components after portlandite has been fully consumed is 
described by Jackson et al. [86] as post-pozzolanic reactions. Further
more, the low pH of 12.2 of B19 pore solution and the low Ca/Si ratio of 
its matrix agree with Lothenbach et al. [85] who explained that the 
composition of ancient binders corresponds to a low pH cement rather 
than a Portland cement. The main difference between B19 and low-pH 
sample lies in the hydrocalumite present in Brindisi sample. This 
phase is the result of mineralization of chloride ions due to the seawater 
[1,6,87]. It was proven that the presence of hydrocalumite increased the 
earlier hardening when seawater is added to lime-pozzolan system [88].

Previous studies [49,89] showed presence of tobermorite and Al- 
tobermorite in roman maritime concrete from mediterranean harbors. 
The Brindisi 19 years old pila has been constructed using the same raw 
materials and the Vitruvius instruction for roman marine structure [10]. 
However, we did not find these minerals in the B19 sample, potentially 
highlighting kinetic limitations. Indeed, the pozzolan dissolution will 
continue in the Brindisi Pila and C-(A)-S-H with a C/S = 1.2 ratio will 
give way to C-(A)-S-H with a lower C/S ratio (close to 0.8). Then Al- 
tobermorite will precipitate as preview study [90] on the solubility 
and characterization of synthesized 11 Å Al-tobermorite proved that it is 
more stable than poorly ordered C-A-S-H gel.

Fig. 9. (a) Secondary electron (SE) image of the interface showing aragonite and brucite at the interface. (b) Ca, Mg, Si and Al intensity ratios built from the EDS map 
on the matrix (c) from the mortar-seawater interface (surface) to the sound zone of the RHUM sample after 63 days. (d) Nano indentation results on the crust on the 
left and on the sound zone on the right showing that the crust is mechanically strong.
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4.3. Long-term behavior at mortar-seawater interface of roman 
underwater concretes

Here we link short-term observations at the laboratory scale with 
those on the Brindisi 19-year-old pila. As done for RHUM sample after 
63 days of hydration, XRD were performed on a slice of polished B19 
sample from the mortar-seawater interface to the sound zone. The X-Ray 
diffraction patterns are presented in Fig. 13. Although we cannot claim 
to have the entire mortar-seawater interface because of the coring pro
cedure, it is quite interesting to compare the successive mineralogical 

fronts observed on the RHUM sample (Fig. 7) with the Brindisi 19-year- 
old pila. As shown on RHUM sample, there is a 4 mm mineralogical front 
characterized by ettringite precipitation at the mortar-seawater inter
face. It proves that there is sulfate enrichment from seawater. In addi
tion, the M-S-H (magnesium silicate hydrates) presence on the interface 
until 2.25 mm is related to the interaction between seawater and the 
pila. However, there is no M-S-H in the RHUM sample after 63 days of 
hydration (Fig. 7). The magnesium enrichment is characterized by 
brucite precipitation.

The transition from brucite to M-S-H on the B19 interface remains to 

Fig. 10. HYTEC modeling of the mineralogical and porous water chemistry evolution during hydration showing pH and total concentrations of, Ca2+, Na+, K+, Al3+

and SO4
2− , and mineralogical evolution. The experimental data are plotted for comparison. The cation concentrations were measured with ICP-OES and that of anions 

with chromatography. The main mineral evolutions were plotted in wt% with XRD QPA (Rietveld + PONKCS) results presented on Fig. 4. Pozzolan stands for the 
reactive phase, the amorphous phase of the pozzolan which is the volcanic glass phase of the pozzolan. The dashed lines represent the measured pore water con
centration or minerals wt% for the B19 sample.
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be explained as a previous study on marine concrete showed that where 
calcium carbonate crust was present on an intact interface M-S-H did not 
precipitate due to the crust protection [82]. Thus, it could be imagined 
that the dissolution of amorphous pozzolan, which releases Si, promotes 
the dissolution of brucite later and the precipitation of M-S-H. Previous 
studies [91–93] on the reaction process of MgO–SiO2–H2O system at 

room temperature proved that M-S-H formation is generally very slow. 
These studies showed that a large amount of brucite precipitates in the 
first days and M-S-H gel are generated progressively until silica or 
brucite are completely consumed. It was found that the saturation 
indices of M-S-H phase within the brucite layer of the simulation pre
sented in Fig. 11 were positive, indicating that these phases will 

Fig. 11. HYTEC modeling of the mineralogical evolution from the simplified model of mortar-seawater interface (surface) to the sound zone after 5 days of 
interaction. The saturation indices of M-S-H (magnesium silicate hydrates) phase within the brucite layer of the simulation was positive. Then M-S-H was excluded 
from the calculation due to its slow formation kinetics under our experimental conditions.

Fig. 12. (a) B19 XRD pattern vs (b) low-pH sample XRD pattern (5 years old hydration) showing the similarity between their mineralogy.
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eventually replace brucite.

5. Conclusions

This paper studies the hydration mechanisms of underwater roman 
concrete using pozzolan from the Phlegrean fields, and slaked lime as 
indicated by Vitruvius. Based on the experimental and 1D reactive 
transport modeling results hydration mechanism of roman underwater 
concrete can be summarized in two main phases. 

(i) First, when casting roman concrete in seawater as the Romans did 
2000 years ago and replicated 19 years ago in the ROMACONS 
project, Portlandite at the surface dissolves due to the low pH of 
seawater (pH = 8.2). The Ca2+ resulting from this dissolution 
reacts with seawater carbonate to form calcium carbonate 
(aragonite) at seawater-mortar interface. This layer is followed 
by a deeper layer of brucite resulting from the reaction between 
seawater Mg2+ and OH− (from portlandite dissolution). Further 
sulfate enrichment from seawater lead to ettringite precipitation. 
The aragonite + brucite crust with 60 GPa of Young's modulus 
and its high density decreases the porosity and the diffusion 

Fig. 13. X-Ray diffraction patterns from the mortar-seawater interface (surface) to the sound zone. XRD tests were performed on a slice of polished B19 sample. 
Distances are for information only. Colormaps on the right indicate the precipitation extent of M-S-H and ettringite.
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process, constituting a diffusive barrier [82,94], allowing hy
dration processes to continue in the sound zone. With time, the 
brucite layer will certainly be replaced by the slow precipitation 
of M-S-H, in agreement with [91].

(ii) The amorphous pozzolan reacts with portlandite to form mainly 
C-A-S-H which is the matrix binding phase. Other phases such as 
hydrocalumite and ettringite form [1]. Note that non-reacted 
pozzolan remain after the complete reaction of portlandite due 
to the high amount of pozzolan in the system (2 volumes of 
pozzolan for 1 of lime following Vitruvius instructions for roman 
maritime structure). Therefore, the C-A-S-H phase continues to 
incorporate silica as pozzolan dissolution proceeds under the 
alkaline pH. This leads to a decrease in the Ca/Si ratio from 1.6 to 
those of low-pH concrete (about 1.2) with 12 GPa of Young's 
modulus. Calcium concentration decreases with hydration time 
(from 18 mmol/l after 1 day of hydration to 9 mmol/l after 283 
days and reach 2.8 mmol/l after 19 years). The pH seems to be 
constant around 12.6 still 283 days and decreases later to reach 
12.2 after 19 years of hydration.

Compared to previous studies [49,89] that demonstrated the pres
ence of tobermorite and Al-tobermorite in Roman maritime concrete 
from Mediterranean harbors, our study does not show their presence in 
the Brindisi 19-year old sample [10] probably due to kinetic limitations.

Our results indicate that during hydration of Roman underwater 
concrete formation of a dense and mechanically strong aragonite-brucite 
crust isolates the core from an aggressive environment (Fig. 14), 
resulting in a highly durable Roman underwater concrete that remains 
unaltered over two millennia under seawater conditions.

Roman seawater mortars share key characteristics with low-pH 
cementitious matrices and are exposed to multi-ionic attacks such as 
carbonation, magnesium, and sulfate ingress under saturated condi
tions, similar to those expected in seal plugs designed for deep geological 
disposal of radioactive waste. As such, they serve as valuable archaeo
logical analogues for validating long-term ageing and reactive transport 

models in the context of radioactive waste management. Perspectives of 
the RoC project intend to simulate the ageing behavior of that concrete 
after 2000 years in seawater using reactive transport modeling. Simu
lation results will be compared with experimental data acquired on 
2000 years old mortar. This will allow either to validate model and 
general approach towards long-term prediction or to reveal its potential 
shortcomings.
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[67] A. Socié, N. Seigneur, B. Bary, S. Poyet, G. Touzé, A fully coupled Hydraulic 
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