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Abstract	
	
This article describes and interprets data drawn from a thorough characterisation 
of a series of cementitious materials. The materials addressed can be divided into 
three major groups: 1) cements/concretes from well-known and historically 
documented Roman constructions in Italy; 2) cements recently prepared in the 
laboratory simulating the compositions of Roman cements, stored for 6 months in 
environmental conditions similar to those to which the Roman materials have 
been exposed for 2000 years; 3) concretes prepared from an industrial cement 
manufactured 6 years ago applying today’s knowledge of hybrid cements. An 
analysis of all the data presented in this article has led its authors to conclude that, 
conceptually speaking, ancient Roman cements can be identified with modern 
hybrid ‘portland-alkaline’ materials. That conceptual identity is based on the 
detection of the same cementitious phases in the two types of cements (Roman 
and Hybrid) and naturally of the inclusion of alkalis in the structures of some of the 
phases observed. 
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1.‐	INTRODUCTION	
	

The International Congress on the Chemistry of Cement (ICCC) has always afforded 

a splendid opportunity for reflections on the developments occurred in the four 

years since the preceding congress (Beijing 2015 in the present case). This year, 

moreover, the ICCC is celebrating its 100th anniversary in Prague. In other words, 

the international scientific community has been uninterruptedly generating 

fundamental knowledge and contributing in industrial progress on cements for at 

least 100 years. However, a century of constant advances and successes has 

paradoxically engendered a complex environmental challenge (1‐2): the world 

manufacture of Portland cement generates vast amounts of CO2 emission (7% to 

9% of the planet-wide total).  

A possible solution to the environmental problem posed by that mass consumption 

of Portland cement may be inspired by a precise understanding of the fundamental 

chemical properties of the cements made by the Romans 2000 years ago. Who 

could question the exceptional resistance and durability of those materials? 

Roman marine structures were built essentially with concrete bearing hydraulic 

lime, volcanic ash, and aggregate. Those structures have remained practically 

intact for 2000 years, despite being wholly or partially submerged in seawater [3]. 

Today’s scientific community is certain that the astounding durability of Roman 

concrete exposed to seawater has much to do with the nature of the cementitious 

matrix developed over time: a scantly crystalline C-A-S-H or calcium alumino-

silicate hydrate gel [4]; the uptake of certain chemical species such as Cl- or SO42- - 

(from seawater) into stable crystalline phases [5]; and the precipitation of Al-

tobermorite and certain zeolites in pores and voids in the cementitious matrix [6]. 

The reality is that the service life of Roman marine structures is approximately two 

orders of magnitude longer than the marine structures made with portland 

cement. Note, however, that the presence of steel reinforcement corrosion 

naturally induces premature deterioration in modern structures [7] while the 

ancient Romans did not use steel reinforcement. 
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In 2001 Alonso and Palomo [8], studying the alkaline activation of blends of 

metakaolin + lime, concluded that the simultaneous precipitation of different types 

of cementitious gels (C-A-S-H and N-A-S-H) could be induced by simply modifying 

the pH at which these blends were hydrated. Since then, great effort has been 

invested in the pursuit of a fuller understanding of the chemistry of hybrid 

cements consisting in portland+alkaline cements [9‐11], i.e., blends of materials 

able to simultaneously generate hydration products characteristic of portland (C-

S-H or C-A-S-H gel) and alkaline (N-A-S-H, N-(C)-A-S-H, zeolites, etc.) cements. 

Technologically speaking, a blend of cementitious gels (amply studied in the 

literature, consult for instance [12‐15]) can be engineered to develop a matrix 

with high strength and durability. Environmentally speaking, there is every 

indication that hybrid cements may significantly lower the consumption of 

Portland clinker and with it CO2 emissions [16-17]. 

This article was planned and written primarily to establish chemical, mineral and 

nano-structural parallels between ancient Roman and modern hybrid cements. In 

an attempt to phrase that intention in terms understandable to readers and 

explain the both the working hypotheses at issue and the information in place (in 

the literature and new data specifically generated on the occasion of this research), 

the authors have divided the text into three sections. Parts 2, 3 and 4 of the paper, 

while independent, are inter-connected around the notion of ‘multi-gel 

precipitation’. In other words, when hydrated, all the cements discussed generate 

more than one type of cementitious gel (normally C-A-S-H-like gels with variable 

Ca/Si and Si/Al ratios), a certain fraction of which may be identified as (N,C)-A-S-

H-like gels in light of the alkalis bound to their structure. The three sections are set 

out as follows. 

Section 2) summarises the key properties of ancient Roman marine concrete (used 

2000 years ago in such emblematic works as Portus	Neronis	or Portus	Traiani,	in 

Italy that are still standing) as inferred from the results delivered by sophisticated 

analytical techniques. 

Section 3) discusses the progress made in the understanding of modern hybrid 

cements (brief literature review), along with recent findings on cements that 
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‘simulate’ the mineral and chemical compositions of Roman binders after exposure 

to environmental conditions similar to those described in section 2, although 

obviously on a very different time scale. Section 3 also compares the data in 

sections 2 and 3, explaining the reasons why the authors deem some Roman 

cements to be, microstructurally and chemically speaking, very similar to modern 

hybrid ‘portland-alkaline' cements. 

Section 4) shows that modern hybrid Portland-Alkaline cements can be 

manufactured on an industrial scale with the facilities presently in place in 

Portland cement plants. It also contends that hybrid cements are a sustainable 

alternative to traditional portland cements and substantially improve some of the 

properties highly esteemed in modern construction (resistance to aggressive 

chemicals, etc.) 

2.‐	SOME	LESSONS	LEARNED	FROM	ANCIENT	ROMAN	CONCRETE	

The characterisation of ancient Roman concrete has received comprehensive attention 

over the years [18-22], but recent utilisation of synchrotron radiation techniques has 

provided new insights into its complex structure [4,6,23-26]. Many of these techniques 

have been also used to study various phases existing in geopolymers and cement 

reaction products including, C-(A-)S-H, Al-tobermorite, ettringite, katoite, and 

strätlingite, among others, [27-37].   

2.1.- Raw materials 

The use of limestone cement has been used in the Near East and Anatolia since the pre-

pottery Neolithic Age. Hale 2008 [38] has suggested that the impetus to improve the 

technology of boiling and roasting of grains in the Near East may have led the way to 

the development of lime mortars. Although the Romans were not the first ancient 

society to add pozzolanic materials to lime mortar, they are responsible for the 

systematic use of pozzolan into concrete mixtures. In his classic book Architectura, 

Vitruvius described the use of volcanic rocks in the manufacture of ancient concrete: 

harenae fossiciae (pit sand) for inland constructions and pulvis (powder) for marine 

structures. Vitruvius observed that good harenae fossiciae “when rubbed in the hands it 

causes screech, .., it shouldn't be earthy but rough if wrapped in a white cloth, when 
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shaken away, it has not left any dirt nor any earth in there”. Pulvis was often associated 

with volcanic ash that, when “mixed with lime and rock fragments not only confers 

strength to the constructions, but is capable to solidify under water.” [Vitruvius]. 

In the first century BCE, Pliny the Elder also realised very early on that volcanic ash 

afforded the lime used at the time with extraordinary properties: as soon as it was 

submerged in seawater it turned into a very solid stony mass that held back the waves 

(firem unum lapidem) and gained in strength day by day (Naturalis Historia 35.166). 

In short, the chroniclers of historic materials were the first to pay tribute to the 

cementitious properties of natural pozzolans. Foremost among these siliceous and/or 

aluminous minerals are zeolites, opaline rocks and diatomaceous earth. Today they form 

part of the sizeable group of what are known as supplementary cementitious materials 

(SCMs), which also includes certain industrial by-products such as fly ash and slag, that 

are ever more frequently added to portland cements. 

The mineralogy of the pozzolan has been studied in detail [18, 22, 39-44]. Recently, 

based on the observation that the ratios of several trace elements (i.e.,  Zr, Y, Nb, Ti, 

Th, Ta) are relatively insensitive to alteration processes, researchers [45-46] developed 

a robust method to identity the origin of the volcanic rock used in concrete. Using these 

trace-element fingerprinting and electron microprobe analysis on glasses, D'Ambrosio 

et al. (2015) [23]  showed that the pulvis originated from the Phlegrean Fields volcanic 

deposits and, based on extensive experimental study, the authors made the compelling 

point that, due to the pozzolanic reaction, concrete made with any harena fossicia 

would have worked as well as the pulvis puteolanis for seawater structures. 

Harena sine calce (sand without lime) is considered one of the best quotes of literature 

criticism, referring to a collection of pieces without cohesion. It has been attributed to 

Caligula criticising Seneca’s work, and it showed that the importance of lime to “glue” 

pieces together was recognised even among non-experts in construction materials [47]. 

Vitruvius recommended a ratio of lime to pozzolan of 1:2 and for underwater and 1:3 

for dry land construction, while Pliny the Elder suggested a ratio of 1:4 for the latter. 

Compared to the detailed characterisation of pozzolans, researchers have dedicated less 

time to the study of the origin of lime used in ancient Roman concrete [3 48-49]. Recent 

work by MacFarlane et al (2019) [50] has shown a significant presence of sulfur in the 
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relict lime clasts of Roman marine concrete, indicating that the slaked lime was not 

made from pure limestone.  The authors proposed that alkaline trachyte rocks of the 

Tyrrhenian volcanic provinces were used in the production of lime due to similarities in 

concentrations of sulfur, aluminium and rare-earth elements. This finding is relevant 

because such concentrations in sulfur and aluminates can have an impact in the 

chemical reactions with the pozzolan. There is a need to perform careful 

characterisation of the relict lime clasts existing in the matrix of ancient Roman 

concrete to establish the composition of the lime, sources of rocks that were used to 

produce the lime and the fluids used in the slaking process. 

2.2 Microstructure of ancient Roman concrete 

The interaction between seawater and OPC concrete generally concludes with corrosion 

of reinforcing steel, but sometimes this interaction causes expansive reactions [51]. 

However Portlandite is usually quickly consumed in reproductions of Roman concretes, 

where reinforcing steel does not exist. In other words, there are great conceptual 

differences between today’s Portland concretes and Roman concretes that justify the 

different behaviours in their respective interactions with seawater. Thus, the Roman 

concretes existing in the Mediterranean region have been shown to contain reactive 

aggregates of volcanic nature (fine sand and also gravel), generally covered by a layer 

of zeolitic ore. These concretes have been exposed to seawater for 2000 years; and even 

if it is believed that the reactive process of pozzolans is well known in ancient concretes 

[4], reality is that no hypothesis have been yet established describing the post-

pozzolanic processes that have been controlling the chemistry of these materials for 

those two millennia, long after the Portlandite was totally consumed.  

The Roman Maritime Concrete Survey (ROMACONS) project is the most 

comprehensive study of Roman marine concrete to date. The field program extracted 

cores samples from eleven locations throughout the Mediterranean; the book by [3] 

gives an inclusive and careful analysis of the project. Besides using classical methods, 

the microstructure of maritime concrete was also studied with synchrotron radiation by 

Jackson [4,6,24,25]. Currently, 76 mm cores from Santa Liberata, Baia, Caesarea 

Palestinae, Pompeiopolis, and Portus Traiani from the ROMACONS project are being 

studied, using a combination of lab X-ray microtomography, synchrotron radiation, and 

neutrons to characterise: (a) the nano/microstructure of the concrete samples with high-
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resolution soft X-ray ptychography; (b) in-situ crack propagation under load using 

synchrotron X-ray microtomography; (c) penetration of fluids imaged by neutrons; and 

(d) reaction product nano-spectroscopy. Figure 1(a) shows a typical cross section of an 

ancient Roman concrete used in the harbour of Santa Liberata. A detailed petrographic 

analysis is given by [48]. The tomographic cross section shows normal and porous (tuff) 

aggregates with relict lime clast well dispersed in a cementitious matrix. Some of these 

inclusions have large porosity and, in principle, could be a pathway for the crack 

propagation; however, preliminary tests indicate that the cracks are deflected both by 

the aggregates and the relict lime clasts (see Figure 1(c) for cracks in the interfacial 

transition zone). More experiments are underway to validate these observations for 

various samples tested under different uniaxial loading rates. It will also be useful to 

study the crack propagation under triaxial loads. 

 

 

Figure 1: (a) Tomography of the 76 cm-sample cored from Santa Liberata harbour; 

and (b) insertion device to test in-situ crack growth due to increasing loads. (The 

experiments were done at beamline 8.3.2 at the Advanced Light Source, in Berkeley, 

California.); (c) crack growth under compressive loads in a concrete sample from 

Pompeiopolis; and (d) an image of a diagonal cut through the cracked sample shown in 

Figure 1(c) (Images c and d courtesy of Ke Xu.). 

 

Figure 2 shows a multi-scale imagining of ancient Roman concrete used in harbour of 

Santa Liberata. The main thrust of this research was to study the morphology of the 

relict lime clast and its topology inside the matrix. Starting with a low-resolution 3-D 

X-ray tomography (Figure 2(b)) of the core (Figure 2(a)), it was possible to visualize 

the spatial distribution of the various phases with 75 m voxel (Figure 2 (b)) and then 

focus on the relict lime clast with a higher spatial resolution (10 m voxel size (Figs. 2 

(c) and (d)). Various cross sections showing the dissolution process and the porosity in 

the relict lime clast are presented in Figure 2(d). After these experiments were 

performed, the relict lime clast was removed from the concrete and then imaged with 

voxel sizes of 2 and 0.8 m to indicate the complexity of the porous network. 
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Figure 2: Multi-scale imaging of the Santa Liberata core. (a) photograph of the core; 
(b) three-dimensional reconstruction of the core using X-ray tomography at an energy 
of 150 KV and 75 m voxel size; (c) tomographic detail of relict lime clast obtained at 
an energy of 150 KV and 10 m voxel size; and (d) relict lime clast imaged with 2 and 
0.8 m voxel size. 
 

The next step in the multi-scale imaging was to characterize the nanostructure with 

spatial resolutions of less than 10 nm. Using coherent diffraction patterns, soft X-ray 

ptychography allows a high spatial resolution morphological study, which has been 

successfully used in the characterisation of cementitious materials [28, 52-53]. Li et al. 

(2019) [32] studied the morphology of C-A-S-H using soft X-ray ptychographic 

imaging. The results indicate that: (a) C-A-S-H synthesised at 7 to 50 °C had similar 

morphology; and (b) C-A-S-H synthesised at 80 °C, and unlike the other samples, had a 

foil-predominant network (see Figure 3(a)), which was mostly likely associated with an 

increase of crystallinity and silicate chain polymerisation. Figure 3(b) shows that C-A-

S-H/Al-tobermorite from ancient Roman concrete has similar structure to C-A-S-H 

synthesised at 80 °C. All data processing, including pthychographic reconstruction, can 

be performed using the methods available in the SHARP-CAMERA software package 

(http://camera.lbl.gov). 

 

 
Figure 3: 2D Ptychographic images of (a) C-(A-)S-H equilibrated for 56 days at 80 °C,	
Ca/Si=1, Al/Si=0.1,  scale bar is 1 μ m (from Li et al. 2019) and (b) relict lime clast 
from the ancient concrete cored at Santa Liberata. Image obtained at beamline 5.3.1 at 
the Advanced Light Source in Berkeley, California (imagine courtesy of G. Geng). 
 

Modern three-dimensional (3D) soft X-ray ptychography can generate 3D images with a 

spatial resolution of 11 nm confirmed by Fourier shell correlation and line-profiles and 

providing by the following reference [54]; however, even traditional soft X-ray 

nanotomography with a resolution of 30 nm can provide useful information. For 

instance, using a core obtained from Baianus Sinus (via the ROMACONS project), 

Jackson et al. 2013 [4] collected clusters of Al–tobermorite crystals from a relict lime 

clast and analysed their mathematical morphology using nanoscale tomography (see 

Figure 4). The 3D tomographic reconstruction shows the platy and elongated 1–2 m 

crystals of Al–tobermorite. To further characterize the topological features of the 

assemblage of the crystals, a 3D skeleton graph was created and its connected number 

computed. Strongly disconnected networks have negative values of connected numbers 
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while well-connected networks have values greater than 0.5; therefore, the measured 

value of 0.65 for the Al-tobermorite cluster indicates a well-connected solid mass. 

These Al-tobermorite nanocrystals were studied by 29Si MAS NMR. The results 

indicate that: (a) tetrahedral alumina was present in the silicate chain, Q2(1Al), and 

branch, Q3(1Al) or Q3(2Al); (b) the mean chain length was 13.97; and (c) the Ca/Si ratio 

estimated by the Q2/Q3 ratio was 0.9, which was confirmed by EPMA to give a value of 

0.92.  

 
Figure 4: Al-tobermorite crystal clusters in a relict lime clast found in ancient Roman 
concrete from Baianus Sinus: (a) typical soft X-ray transmission image obtained with 
280 eV incident X-ray; (b) high-resolution nanotomography reconstruction obtained 
with 510 eV incident X-ray; and (c) associated topological skeleton (from Jackson et al. 
2013 [4]). 
 
In addition to characterised maritime Roman concrete, synchrotron radiation was also 

used to study imperial roman architectural mortar. Jackson et al. (2014) [24] analysed 

the microstructure of the concrete used in the construction of Trajan’s Markets by 

synchrotron X-ray microdiffraction and scanning electron microscopy. Microdiffraction 

of the matrix identified the in-situ crystallisation of the following minerals (see Figure 

5): (a) hydrotalcite Mg6Al2(OH)16[CO3]ꞏ4H2O; (b) strätlingite, Ca2Al(AlSi)O2(OH)10ꞏ 

2.25H2O; (c) katoite [Ca3Al2(SiO4)1.5(OH); and (d) åkermanite [Ca2Mg(Si2O7)], in 

solid solution with gehlenite [Ca2Al2(SiO7)].  

The results indicate that C-A-S-H, the main cementitious phase, had Ca/(Si+Al) values 

in the range of 0.45 to 0.75, and that strätlingite plates were observed in various 

interfacial transition zones (ITZ) in the cementitious matrix. The authors propose that 

these strätlingite plates reinforce the porous weak zones. The precipitation of these 

crystals takes a long time and involves the dissolution of lime, the presence of alkali-

rich scorie, halloysite, phillipsite, and chabazite. The hypothesis of in-situ mineral fibre 

reinforcement is quite relevant to modern concrete composed of blended cements and 

alkali-activate systems. Vanorio and Kanitpanyacharoen (2015) [55] further extended 

this concept by carefully demonstrating that the caprock of the Campi Flegrei Caldera 

(near the Italian town of Pozzuoli)—above the seismogenic area—has a fibril-rich 

matrix that results from lime-pozzolanic reactions between the calc-silicate rock and the 

lime-rich fluids from hydrothermal decarbonation. The authors proposed that the 



10 
 

mineral fibre reinforcement increases the mechanical properties of the caprock, leading 

to a higher ductility and fracture toughness. 

In a recent synchrotron X-ray microdiffraction study of samples from the ancient 

Roman marine structures at Baianus Sinus, Portus Neronis, and Portus Cosanus, 

Jackson et al. (2017) [6] reported that (a) Al-tobermorite was also present in the leached 

perimeters of feldspar inclusions and zeolitised pumice vesicles, and (b) in-situ 

phillipsite can occur in relict pores. The authors have provided insightful hypotheses for 

the post-pozzolanic crystallisation of phillipsite and Al-tobermorite in concrete exposed 

to seawater and ambient temperature. 

The general formula for tobermorite minerals is Ca4+x(AlySi6–y)O15+2x–y∙5H2O, where x = 1 

and y = 2 [56]. Nonetheless, most natural rocks contain Al in their microstructure 

(replacing Si in tetrahedral positions), giving rise to products with a general formula 

established by Taylor in 1992 [57] and which also includes alkaline cations (Na and 

K) to offset the charge imbalance: {[Ca4(Si5.5Al0.5O17H2)]Ca0.2∙Na0.1∙4H2O].  

Figure 5: X-ray microdiffraction and SEM-secondary electron images of relict scoria 
(A and B) and cementitious matrix(C and D); sample collected from the foundation of 
Trajan’s Market. Short dashes represent katoite; dots and dashes represent strätlingite, 
and long dashes represent åkermanite (modified from Jackson et al. 2014) [25]. 

2.3.- Characterisation of Al-tobermorite and C-A-S-H in Roman concrete 

A new comprehensive characterisation of C-(A-)S-H using nanoscale soft X-ray 

spectroscopy at the Ca L2,3- and Si K-edges [32] provides new insights into the 

previously reported X-ray spectroscopy of Al-tobermorite and C-A-S-H collected from 

the ancient Roman concrete at Bainus Sinus [24]. The Ca L2,3-edge spectra of the C-(A-

)S-H and Al-tobermorite shown in Figure 6(a) are due to the excitation of Ca atoms 

from 2p63d0 to 2p53d1. Two major peaks, a2 and b2, were created due to the loss of 

degeneracy of 2p orbitals by spin-orbit coupling. The crystal field splitting generated 

minor peaks, a1 and b1, before each major peak, and the strength of the crystal field 

affects the energy separations (splitting energies, ΔL3=a2−a1 and ΔL2=b2−b1) in two 

doublets. The presence of a small leading peak a0, associated with the multipole 

interactions of core holes with valence electrons, coupled the effects of the 3D spin-

orbit splitting. 
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The experimental results shown in Figure 6(a) indicate that, for all samples, Ca has a 

distorted octahedral-like coordination symmetry. The ratios between minor and major 

peaks are low, possibly indicating that—for all the Ca/Si studied—there is no tendency 

to form well-crystallised phases, and that the interlayer Ca is six-fold, coordinated in a 

highly distorted octahedral symmetry. Therefore, the Ca L2,3-edge spectra of C-S-H can 

be modelled by a defective tobermorite [28,53] where the low splitting energy at the 

edge is caused by the seven-fold coordinated Ca-O sheet in the intralayer of C-S-H, 

with minor contribution from the octahedral coordinated zeolitic Ca in the interlayer. 

For C-S-H with low Ca/Si*1 (0.6-1.2), the location of the major peaks (a2 and b2) is 

constant, indicating that the same Ca oxidation and similar average coordination 

number of Ca—O. For C-S-H with high Ca/Si (1.4 and 1.6); the position of the major 

peaks is 0.05–0.1 eV lower than C-S-H with low Ca/Si. The peak positions for the 

synthetic C-A-S-H and C-S-H samples and for the Roman concrete Al-tobermorite and 

C-A-S-H are similar, indicating that the Al uptake (Al/Si=0.05 for the synthetic samples 

and Al/Si = 0.17 for the Roman concrete) did not alter the coordination of Ca—O 

complexes in their structures. Note that the major peaks for C-A-S-H with Ca/Si=1.4 

and 1.6 are located at slightly higher energies than for C-S-H. 

Li et al. (2019) [32] proposed that this increase in energy is caused by the higher 

ordering of CaO7 as the Al incorporation leads to an elongation of the silicate chains 

and CaO7 sheets. The splitting energies observed in the spectra for C-A-S-H and C-S-H, 

ancient Roman C-A-S-H and Al-tobermorite are similar, indicating that the Al 

incorporation does not increase the coordination symmetry of the Ca—O complexes for 

all samples studied. By comparing the spectra of C-A-S-H with C2AH8, C4ASH12, 

CAH10 and ettringite to C-A-S-H, Li et al. (2019) [32] assigned the average 

coordination number of Ca in C-A-S-H to slightly less than seven due to minor 

quantities of octahedral Ca in the interlayer; their conclusion holds for the Al-

tobermorite and C-A-S-H obtained from the ancient Roman concrete. The lack of two 

clearly resolved peaks at the low-energy side of peak a1 indicates that AFm-like phases 

are not present in synthesised C-(A-)S-H nor in the ancient Roman C-A-S-H and Al-

tobermorite  [28-29].  

                                                        
1 Ca/Si* and Al/Si* are the initial bulk Ca/Si and Al/Si ratios, respectively 
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The major peak a1 of the Si K-edge peak occurs in the range of 1848.7–1849.7 eV, and 

it is assigned to the electronic transition from 1s to antibonding 3p-like state in 

tetrahedrally symmetric Si. The minor peaks a2 and a3 occur in the range of ~1860–1867 

and 1853 eV, respectively, and they are assigned to a multi-scattering effect from more 

distant atom shells through photoelectron interaction. The Si—O bond length and the 

degree of silicate polymerisation have a marked influence on the energy value of the 

major peak a1 while the interatomic distance has a major influence on the energy value 

of the minor peak a2. As shown in Figure 6(b), the (a) the Si K-edges gradually shift to 

lower energy as the Ca/Si ratio increases, which is caused by an increase in the electron 

shielding and a reduction in the effective Si—O bond; and (b) the major peak a1 

sharpens with decreasing Ca/Si ratios due to increasing long-range ordering of silicate 

tetrahedra. As the Ca/Si ratio increases, the energy of the Si K-edges for C-A-S-H are 

higher than C-S-H because of the increase polymerisation in the aluminosilicate chains. 

The energy positions of Roman concrete were measured [24] in a beamline still under 

commission, so there is a possibility of having shifts in the energy calibration. Based on 

recent measurements of the Si K-edge of triclinic C3S using the same beamline that now 

is fully stable, it was possible to determine the shift more precisely; the corrected Si K-

edge for the Al-tobermorite and C-A-S-H obtained from Roman concrete are given in 

Figure 6(b). The results compare well with the values of the synthetic C-A-S-H; 

however, more experiments are necessary to compare the small variations in the peaks. 

Jackson et al. (2013) [24] measured the mechanical properties of the Al-tobermorite 

collected in a relict lime clast of the Baianus Sinus concrete breakwater and obtained an 

isothermal bulk modulus of 55 ±5 GPa. It is insightful to compare this result to the 

recent comprehensive experiments of the mechanical properties of nano-crystalline C-S-

H and C-A-S-H [28-29]. Geng et al.  [29] integrated high-pressure X-ray diffraction 

experiments with atomistic simulations to correlate the mechanical properties of nano-

crystalline C-S-H to the systematically varying molecular structure of C-S-H caused by 

changing the Ca/Si ratio. Contrary to the defect-driven hypothesis, they showed that the 

stiffness of C-S-H increases with increasing Ca/Si in the range 0.8≤Ca/Si≤1.3 despite an 

increase in the omission sites in the silica chains. It was shown that the increase in 

stiffness correlates directly to the densification of the interlayer spacing rather than the 

contraction of intralayer Si-O and Ca-O bonds; therefore, the results validate the 

hypothesis that the nano-mechanical properties of C-S-H are predominantly density-
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driven. In a parallel paper, Geng et al. [28] studied the mechanical properties of C-A-S-

H and demonstrated that (a) the ab-planar stiffness is independent of the vacancies in 

bridging tetrahedra sites and Al for Si substitution; (b) the decrease in spacing and/or 

increase of interlayer water and Ca2+ stiffens the soft c-axis of non-cross-linked C-(A-

)S-H; and (c) the dreierketten chain cross-links behave as stiff springs that increase the 

values of the mechanical properties of C-(A-)S-H. The obtained bulk moduli for the 

synthetic C-A-S-H were 50 ± 2, 64 ± 3, and 71 ± 3 GPa for (Al/Si) = 0.0, 0.05, 0.1, 

respectively [28]. Compared to the synthetic C-A-S-H, the Al-tobermorite with a high 

(Al/Si) = 0.17 has a lower than expected bulk modulus; therefore, it is desirable to 

collect and measure the bulk modulus of Al-tobermorite from different sites to study if 

there is a trend. 

 

Figure 6: (a) Ca L2,3-edge and (b) Si K-edge XANES spectra of Al-tobermorite, C-A-S-
H from ancient Roman concrete (data from Jackson et al. 2013)	 [24], C-S-H (solid 
lines) compared to C-A-S-H with Al/Si*=0.05 (dashed lines) after 182 days of hydration 
at 20 °C (after Li et al. 2019	 [32]). Ca/Si* and Al/Si* are the initial bulk Ca/Si and 
Al/Si ratios, respectively. 
 

3.- COMPARISON BETWEEN MODERN HYBRID AND ROMAN CEMENTS 

Modern Hybrid Cements consist in a combination of materials that when hydrated 

generate a series of products with variable chemistries and microstructures. Given their 

technological features and potential for sustainability, blends of Portland and Alkaline 

cements are most prominent among a wide spectrum of hybrid cements [9-11]. 

The merger of existing knowledge of the basics of portland and alkaline cement 

chemistry has spawned the development of hybrid alkaline cements. Research in the 

area was pioneered by some of the present authors, who published their first paper on 

the subject in 2007 [58]. The industrial-scale testing of hybrid cements now underway 

is the result of the progress made in the interim, much of which may be attributed to the 

understanding gained by NMR analysis. Nonetheless, the role in that progress of other 

analytical techniques besides NMR such as SEM, TEM, FTIR and similar should not be 

overlooked. Moreover, their joint use has shown that they are inter-complementary and 

deliver compatible and consistent information [9-15].  
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The hydration products precipitated in these cements are a mix of gels, governed 

primarily by the type and concentration of the alkalis used and the chemical 

composition of the precursors [9-15]. In blends containing 30 % OPC clinker and 70 % 

fly ash (type F), for instance, the product is a C-S-H gel containing aluminium and 

alkalis that yields a (C,N)-A-S-H-like gel, and a N-A-S-H gel bearing calcium that gives 

rise to (N-(C)-A-S-H [9-15, 58-63].  

Synthetic gels [12‐13] and samples prepared with low clinker and high type F ash, or a 

good natural pozzolan or some BSF content [10,11,58‐63] have been deployed in gel 

compatibility studies of these complex systems. Their composition and micro- and 

nanostructural characteristics are highly reminiscent of the Al-tobermorite and C-A-S-H 

products found in the Roman concretes described above [4‐6]  

The type of supplementary cementitious material (SCM) used in the industrial-scale 

manufacture of industrial hybrid cements determines their chemical composition, which 

may differ from one SCM to another. The significant microstructural changes induced 

by ‘alkaline activators’ (which may be any alkaline hydroxide or salt such as NaOH, 

Na2CO3, Na2SO4 or NaCl [9-11,60]) in the gel or gels formed, in turn, have been found 

to be closely related to mechanical strength development.  

 

Essentially two types of gels form in hybrid systems: a) C-S-H gel ensuing from clinker 

hydration that takes aluminium up in its structure  C-(A)-S-H [12,64,65]; and b) a gel 

in which the composition varies with the precursor. In FA hybrids, i.e., silica- and 

alumina-high systems, that second compound is a N-A-S-H gel bearing Ca  

(N,C)-A-S-H [59,60]; whereas in Ca-rich systems, i.e., BS hybrids, the main reaction 

product is a C-A-S-H-like gel [66-69].  

Based on NMR, supplemented by XRD, FTIR, BSEM and TEM data, Garcia-Lodeiro et 

al. [60] proposed a nanostructural model for gel formation in hybrid alkaline cement, 

the stages of which are summarised below. 

The first step consists in the dissolution of the silico- and calcium silicates in the 

alkaline solution and the release of a variety of dissolved species that ultimately saturate 

the medium but that are not distributed uniformly. As the locally concentrated ions 

reach saturation, there is the development of competitive reactions in which C-S-H and 
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N-A-S-H gels precipitate simultaneously. As a result the silicon concentration rises in 

the reaction medium, and consequently silicon is taken up in both gels [12-13].  

In parallel, the Ca2+ and Al3+ ions in the aqueous solution begin to diffuse through the 

hardened cementitious matrix. The fairly small number of Ca2+ ions not taken up in the 

C-S-H gel form an (N,C)-A-S-H gel by interacting with the N-A-S-H gel [13,60,69-70]. 

The ion exchange involved in the replacement of sodium with calcium, species with 

similar ionic radii and electronegative potential values, is reminiscent of the mechanism 

observed in clay and zeolites, where the three-dimensional structure of the (N,C)–A–S–

H gel is conserved. Similarly, the aluminium taken up into the composition of C-S-H 

gel, preferably in bridging sites, yields C–(A)–S–H and subsequently C–A–S–H gels as 

the aluminium content rises [12,70-71].  

Calcium continues to diffuse through the pores of the matrix and interact with the 

(N,C)–A–S–H gel [13,60 70-71]. The Si-O-Al bonds are distorted by the polarising 

effect of the Ca2+ in the formation of Si-O-Ca bonds, the outcome of which is stress and 

ultimately rupture. The ions in the gels generated in such cementitious systems may be 

exchanged by one of two possible mechanisms [11-13,60]: The release of aluminium 

from the N-A-S-H gel translates into the formation of less polymerised C-A-S-H gels. 

More N-A-S-H gel may form, however, for the alkalis released in the pore solution may 

also react with unreacted precursor, and the new gel may in turn react with C-S-H gel. 

Over time, alkalis are taken up into the structure of the reaction products, lowering the 

alkaline concentration until the pore solution reaches equilibrium.  

To confirm the long-term validity of these hypotheses and the prevalence, over time and 

given equilibrium conditions (reached in the long term), of (N)-C-A-S-H gel, Palomo 

and Fernandez are presently studying these systems in samples over 3 years old. The 

evidence collected to date indicates that (N)-C-A-S-H may be essentially the same 

product (C-A-S-H or Al-tobermorite) as found by Jackson et al. in the concrete in 

Roman marine structures built 2000 years ago [4-6]. Al-Tobermorite, actually, might be 

the result of a slow crystallisation process of some former cementitious gels (2000 years 

of gradual changes leading to the thermodynamic stability). 

The products formed in these complex cementitious blends and their proportions vary 

with reaction conditions such as the chemical composition, shape, mineralogy and 
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particle size distribution of the prime materials (the smaller the particle size in 

precursor, the higher its reactivity), along with the activator-generated alkalinity (pH) 

[60].  

3.1.- Coincident chemical and mineral compositions in hybrid and Roman cements  

The first factor to be stressed here is the chemical and mineral similarity between the 

raw materials used by the Romans to manufacture their cements and those used by the 

authors of this paper to prepare modern hybrid cements. The Romans used a fraction of 

lime and the authors a fraction of portland clinker, both of which generate considerable 

amounts of Ca(OH)2 when hydrated. The volcanic ash (or other natural pozzolans) used 

by the Romans and the fly ash from coal combustion (or a range of other pozzolans) 

employed by the authors have a highly reactive vitreous component and ‘similar’ 

amounts of the oxides needed to form cementitious gels (silica, alumina and calcium 

oxide).Table 1 compares the chemistry of Compostilla fly ash, the Spanish type F fly 

ash used in this study, to the chemical composition of 12 types of volcanic ash analysed 

by Djobo et al. [72]. The data show that the two materials are wholly comparable, 

chemically speaking. The most prominent feature of the mineral composition of fly ash 

from steam power plants is that it may exhibit a sizeable (>60 %) vitreous fraction, with 

the same reactivity as found in volcanic ash [9-11, 72].  

Table 1. Comparison of the XRF-determined chemical composition (%wt) of fly ash 

(FA) (PHILIPS PW-1004 X-ray spectrometer) and 12 types of volcanic ash (VS) [72]. 

 SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O TiO2 Other LoI 
FA 40.48 22.08 8.36 4.32 1.65 3.29 1.06 3.56 1.03 2.37 11.80
VS 40-70 11-20 1-15 1-10 0,2-10 0-0,1 0,1-6 0-4 0-3 ---- 0-10 

 
In short, both volcanic and steam power plant ash are pozzolanic, which means that they 

can fix lime even when submerged in seawater. 

In addition, in hybrid cements alkalis are included with the other raw materials in the 

form of alkaline salts, whilst Roman cements located in coastal areas take up alkaline 

salts present in seawater. In light of the foregoing, prior to hydration the two chemical 

systems can be said to be very similar (Figure 7). 
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After hydration begins, the chemical species dissolved in the hydration medium in 

Roman and hybrid cements are essentially the same and their concentrations likewise 

the same. Be it said in this context that no two portland cements are identical, nor are 

any two types of fly ash or two natural pozzolans identical, although certain chemical 

scenarios prevail and tend (thermodynamically) to stabilise mineral forms with specific 

properties. Those scenarios underlie production the world over of what are contended to 

be universal binders (although manufactured with different local materials) because 

they are conceptually identical in their chemistry and mineralogy. 

Lime and clinker are the primary sources of CaO and pozzolans of SiO2 and Al2O3 

(although silica and alumina are also present in clinker), whilst the alkalis are either 

drawn from seawater or included in the raw mix. 

The analytical tools used by the scientific community to study Roman and hybrid 

cements (sophisticated tools in the research described here) guide the interpretation of 

the findings for the two in a single direction. The hardened matrices comprise a number 

of cementitious gels and/or zeolitic crystalline phases (the relatively high crystalline 

phase content in the Roman cements should come as no surprise, given the 2000-plus 

years lapsing since they were hydrated). The gels (some of them containing alkalis in 

their structure), are members of the families normally found in blended and alkaline 

cements (Figure 7). 

 

Figure 7: (a) CaO-Al2O3-SiO2 ternary diagram of cementitious materials according to 
refs [9,10,72-75], (B) Pseudo-ternary CaO-Al2O3-SiO2 system (neglecting Na2O 
content) showing compositional range of cementitious gels according to refs [10-
13,24,62,74,77.78].    . 
 

3.2.- Laboratory preparation of a hybrid cement simulating the formula found in a 

Roman cement  

A cementitious material consisting in a blend of fly ash (from a steam power plant at 

Compostilla, Spain) and commercial lime was prepared in the laboratory to reproduce 

Roman cements of the type described in ancient marine structures. That material was 

then used to explore the hypothetical conceptual identity between modern hybrid and 
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Roman cements in greater depth [75]. The ash was ground in a ball grinder for 4 h to 

induce optimal reactivity, whilst the lime was heated at 800 °C for 4 h prior to use to 

ensure it consisted in anhydrous CaO. One hundred per cent of the blend comprised 

particles smaller than 45 µm. The blend prepared, containing 80 % ash + 20 % CaO, 

was homogenised by milling the components together for 15 min in a laboratory ball 

grinder with a capacity of 1 kg. 

Equations 1, 2 and 3 describe the chemical and mineral developments that may take 

place between pozzolan and lime and which may generate products similar to those 

obtained in portland cement hydration [57, 79-80] as well as those identified in the 

Roman cements prepared 2000 years ago. The pozzolan contains both silica that reacts 

with calcium hydroxide to form C-S-H gel (Equation 1) and (Al(OH)4)-
 that reacts with 

calcium hydroxide and water to form calcium aluminate hydrates such as C4AH13, 

C3AH6 or hydrogarnet (Equation 2). In combination with silica, it may also give rise to 

C2ASH8 or strätlingite (Equation 3) or to AFm and/or AFt in the presence of anions 

such as sulfates, carbonates or chlorides (Equation 4). 

 

 

 
 
 
 
 
 
 

In this specific experience focused to reproduce a Roman cement, a binder was prepared 

by blending 80 % fly ash with 20 % CaO and then hydrated with seawater (ASTM D 

1141). A water/binder ratio of 0.36 was utilised (ratio needed for good workability as 

per the mini-slump test). The pastes were moulded into 1x1x6 cm specimens and cured 

in a curing chamber at 22 °C and RH>90 % for 6 d. The demoulded specimens were 

then cured either in the laboratory air or in seawater, which was replenished after 7 d, 

14 d, 28 d, 90 d and 180 d. The 14 d, 28 d and 180 d specimens were tested to failure 

(further specimens were stored for later age testing). The hydration reaction was 
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-]  + z H2O  3CaO.Al2O3.3CaSO4.32H2O   (ettringite)   ((Eq. 4) 
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detained in the broken specimens by immersion in acetone, after which the pastes were 

XRD, BSEM and NMR-analysed.  

The 14 d, 28 d and 180 d compressive and flexural strength values for the air- and 

seawater-cured pastes are given in Table 2. Early age development was found to be 

fairly low compared to today’s cements. Nonetheless, the values rose substantially with 

hydration time, particularly in the pastes cured in seawater.  

Table 2.-  Compressive strength of (80 % fly ash+20 % CaO) pastes hydrated with 
seawater and cured in air or in seawater.  

L/S ratio=0.36 Air-cured Seawater-cured 
14 days 28 days  180 days 14 days 28 days  180 days 

Flexural (MPa) 4.1±0.7 3.3±0.4 5.0±0.2 3.4±0.7 4.6±0.4 6.1±1.1 

Compressive 
(MPa)  

14.1±1.7 13.5±2.8 14.5±2.5 10.8±1.4 14.3±0.9 31.0±4.5 

 
 
The XRD pattern, BSEM micrograph and microanalysis for paste first hydrated with 

and then soaked in seawater for 180 days are reproduced in Figure 8. The hump on the 

diffractogram ranging across 2 values of 25 to 35 was associated in part with 

unreacted ash and in part with amorphous cementitious gels, the presence of which was 

confirmed by the BSEM findings (Figure 8(b) and (c)). Signals were also identified for 

crystalline ettringite and likewise crystalline calcium aluminium hydrates, one of which 

contained chlorine, logically sourced from the seawater. The same phases were 

identified in the BSEM analysis (Figure 8(b) and (c)). The inference of all the foregoing 

is that irrespective of whether the hybrid cement was prepared with a low fraction of 

lime or portland clinker, when hydrated it consistently generated a very similar suite of 

reaction products. The cementitious gels identified in this material varied somewhat 

depending on the area of the sample analysed: aluminium- and silicon-high gels were 

found around unreacted ash particles or the voids left by them (Figure 8(b), point 1), 

whereas gels with a higher calcium content formed around lime particles or where they 

were once present (Figure 8(b), point 2). The former may be associated with an (N,C)-

A-S-H-like gel and the latter with C-(A)-S-H-like gels. The sodium and magnesium 

taken up into the gel structure were sourced from the seawater used in the experiment. 

All these gels were very similar to the ones observed in the alkaline activation of slag 
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[66-69], a number of hybrid cements [62,74], and the Roman cements described in 

section 2 of this article.  

Figure 9 shows the 27Al, 29Si and 23Na NMR-MAS spectra for the same pastes 

submerged in seawater for 28 d or 180 d. The 27Al NMR spectra for the pastes revealed 

the presence of tetrahedrally and octahedrally coordinated aluminium. Part of the 

Al(IV) signal may have been due to the AlT in the starting ash, which nonetheless 

shifted slightly from +50 ppm to +56 ppm in the hydrated material. This shift suggests 

that part of the aluminium in the cementitious matrix had reacted, generating an AlT 

signal attributed to Q4(4Si) units, which is usually associated with the AlT in (N,C)-A-S-

H gel [9-13]. The Al(VI) signals, in turn, exhibited a peak at +13 ppm associated with 

the aluminium in ettringite [81-83] and a signal around + 9 ppm, associated with the 

overlapping of signals generated by crystalline calcium aluminate hydrates [81-83]. The 

presence of these phases was corroborated by XRD analysis and their formation is in 

keeping with Equations 2 and 4. In this case the sulfates were sourced from the seawater 

used for mixing, although since the dissemination of sulfates in the medium where the 

material was submerged could not be ruled out, the mechanism might be envisaged as 

the sequence of two consecutive reactions (Equations 5 and 6). 

 

Figure 8.  (a) Diffractogram for paste hydrated with and subsequently soaked for 180 
days in seawater; (b) and (c) BSEM micrographs and microanalysis for the same 
material. 
 

Ca(OH)2+Na2SO4+2H2O → CaSO4  2H2O+2NaOH   (Eq. 5) 

CaSO42H2O + [Al(OH)4]-  (from FA) +H2O3CaO.Al2O3.3CaSO4.32H2O      (Eq. 6) 

The formation of NaOH as one of the products (Equation 5) merits particular note, for it 

raised pH locally. That triggered a reaction similar to the one described for hybrid 

alkaline cements prepared with neutral alkaline (Na2SO4, Na2CO3, K2CO3, etc) salts as 

activators which, when reacting with portlandite, generate in situ NaOH (Equation 5) 

[60]. 

Gypsum promotes ettringite formation (see Equation 6) and consequently a denser, 

higher early age strength matrix [9-11]. In situ NaOH formation and the concomitant 

rise in local pH favour the dissolution of the aluminosilicates in the fly ash (in this 
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specific case), in turn followed by alkali-activated aluminosilicate (geopolymer) 

formation [60]. 

The 29Si NMR spectra for the simulated Roman cements shown in Figure 9(b) exhibited 

a series of peaks that concurred with those observed for the hybrid cements essentially 

associated with the formation of a mix of C,N-A-S-H and C-S-A-H gels [12-13,68-69]. 

Assignment of the signal at -86 ppm that intensified substantially after 180 days is no 

easy matter due to possible signal overlapping. It might have been generated by 

strätlingite formation [84], (although the 18 day XRD analysis failed to detect this 

phase), for instance, or by highly polymerised units [Q3(3Al) or even Q4(4Al)] in C-A-

S-H or (N,C)-A-S-H -like gels [66-64,68,69]. The signals appearing at more negative 

values (-93 ppm, -98 ppm, -101 ppm and 105 ppm) suggested the presence of Q4(mAl) 

or Q3(mAl) in (N,C)-A-S-H-like gels. Such gels are characterised by two-dimensional 

(C-A-S-H or (N)-C-A-S-H gels) or three-dimensional (N-A-S-H or (N,C)-A-S-H gels) 

structures in which the alkalis appear to play an important role in balancing the charge 

deficit created when aluminium replaces silicon in the structure. In alkaline or hybrid 

cements the alkalis are sourced from the alkaline activator used; in Roman concretes, or 

at least in those used in marine structures, the alkalis were found to form part of 

different mineral phases, including zeolites and cementitious phases [4-6], although to 

date no conceptual identity had ever been established between the phases found in 

Roman and those developing in hybrid cements.  
 

23Na NMR spectra were also recorded in this study to confirm that Na (the sodium 

present in the salts dissolved in seawater) was taken up into the cementitious gels. The 
23Na spectra for both the 28 d and 180 d pastes reproduced in Figure 9(c) contained a 

signal confirming the presence of Na. Centred over -4 ppm and -6 ppm, that signal was 

associated with the presence of partially hydrated sodium needed to restore the charge 

balance altered in alkaline cements (geopolymers) when silicon is replaced by 

aluminium in the structure of aluminosilicate hydrates, in all likelihood (N,C)-A-S-H 

gels [12-13, 59, 68-69]. BSEM analysis also detected the presence of sodium in the 

cementitious gels (Figure 8). 

 

Fly ash pozzolanicity is enhanced by the portlandite in these binders [79-80], whilst its 

reactivity is boosted by the alkaline activators [58-60]. Under such conditions cement 
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matrices may contain C-(A)-S-H-like, C-A-S-H-like and (N,C)-A-S-H-like gels [58-60, 

66-69]. The chemical interaction among those products results in the formation of a 

final (N,C)-A-S-H gel very similar to the Al-tobermorite observed by Jackson et al. [4-

6] in Roman concretes, except for the degree of crystallinity stimulated by the pass of 

time. The gels precipitating are not pure but shown to contain dissolved species. 

Secondary products may also form, consisting in solid solutions of hydrotalcite-like 

minerals [Mg6Al2CO3(OH)16×4H2O]; calcium aluminate hydrates (C4AH13 and others); 

hydrogarnets [C3AS3-nHn and C6AFS2H8]; strätlingite [C2ASH8]; ettringite, and an 

occasional carboaluminate [C3A.CaCO3H11]. 

 

Figure 9. (a)  27Al. (b) 29Si and (c) 23Na MAS NMR spectra for seawater-hydrated 28 d 
and 180 d seawater-cured 80%FA+20%CaO (Bruker Avance-400 spectrometer 
conditions: 27Al, 104.3 MHz; R= 10 kHz; 200 acquisitions; reference, Al(H2O)6

3+; 29Si, 
79.5 MHz; R= 10 kHz; 1000 acquisitions; reference, TMS; 23Na, 105.8 MHz; R=10 
kHz; 160; acquisitions; reference aqueous solution of NaCl). 

 
5.- MODERN HYBRID CEMENT INDUSTRIALISATION 
 
Just as proving one of the primary starting hypotheses of this study, i.e., that some 

Roman cements generated the same reaction products as portland-alkaline hybrid 

cements, constituted a substantial scientific challenge, proving the industrial viability of 

the latter constitutes a sizeable technological challenge in the context of the 

sustainability issues surrounding portland cement manufacture.  

In 2009 cement manufacturers working out of Slovakia (Považská cementáreň, a.s., 

Ladce) decided to assume both the technological and the environmental challenges. In 

2012 they patented a product named H-Cement in Slovakia [85]. Their product consists 

essentially in a blend of materials containing 20 % portland clinker and 80 % alkaline 

cement, in turn a combination of fly ash, blast furnace slag and alkaline sulfates. 

Microstructural data have been reported for hybrid cements similar to H-Cement in 

recent years [9-11]. 

The trial runs to produce H-Cement on an industrial scale began in 2011 in an industrial 

mill fitted with a high performance sorter where Považská cementáreň normally 

produce an EN 197-1-compliant CEM I 52.5 R cement. Industrially produced H-

Cement (Hybrid Cement) was found to be readily millable to a specific surface of 
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6100 cm2/g. It was further characterised by an output of 22 t/h and an energy 

consumption of 63 kWh/t, compared to an output of 12 t/h and energy consumption of 

115 kWh/t for conventional CEM I 52.5 R cement with a specific surface of 5100 cm2/g 

produced in the same facility. From 2011 to 2012 several hundred tonnes of H-Cement 

were manufactured at Ladce, Slovakia, monitoring the quality to the procedures 

described in standard EN 197. That identified a need to revise or rewrite the European 

standard to improve the technical assessment of materials which, like H-Cement or 

some Roman cements, lie barely within or even outside the compositional limits 

specified (Pantheon at Rome, built in 125 AC with no Clinker Portland, could not be 

included within the standards of today). Based on their own experience, Považská 

cementáreň wrote up an in-house specifications sheet for H-Cement further to the 

quality criteria set out in standard ISO 9001. The first concretes made with H-Cement 

were mixed and tested at the Považská cementáreň facility as well as in outside 

laboratories.  

 

4.1.- Properties of H-Cement 

 

The most significant differences between the mineral compositions of H-Cement and 

portland cement are listed in Table 3. Most of the crystalline phases in both materials 

were sourced from the portland clinker, which accounted for just 20 % of the H-

Cement. Table 3 also shows that H-Cement had a greater specific surface and higher 

density than OPC. All these differences obviously impacted the water reactivity of the 

two materials. Mechanical strength developed earlier in OPC than in H-Cement (both 

manufactured in the same facility, Table 3). Nonetheless, the 28 d H-Cement exhibited 

compressive strength of around 40 MPa, which is more than sufficient to meet today’s 

engineering requirements. Another significant finding was that water demand (in 

mortars) was lower in H-Cement than in OPC. In other words, a certain natural 

plasticity was observed in H-Cement that translated into a lower water demand for a 

given consistency (a feature with high added value in terms of sustainability). 
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Table 3. Fundamental properties of H-Cement and OPC  
Mineral composition of H-cement (HC) and OPC  (%wt) 

 C3S C2S C3Ac C4AF Cfree Mullite Quartz K2SO4 Portlandite CaSO4 

HC 13.28 2.49 0.64 1.59 0.30 0.07 0.02 0.20 0.11 - 
OPC 61.50 10.3 0.65 10.71 0.26 0.35 0.28 1.63 1.23 8.66 

Physical properties 

 Specific surface 
(m2/kg) 

Water demand 
(% wt.) 

Setting time 
 (min) 

Volume stability (mm) 

HC 696.8 33.0 230 / 285 0.5 
OPC 344.7 25.4 220 / 285 0.0 

Physical-mechanical properties in mortars  
 W/c 

Ratio 
Consist. 

(mm) 
Bulk 

density 
(Kg/m3) 

Air 
content 

(%) 

Compressive 
strength (MPa) 

Flexural strength (MPa) 

2 days 28 days 2	days 28	days 
HC 0.42 141 2,201 5.2 14.9 39.0 4.1 7.8 
OPC 0.50 140 2,231 4.7 26.5 56.5 5.4 8.3 
 

4.2.- Small-medium scale applications of H-Cement 

In a first practical trial conducted in 2013, a certain amount (a few m3) of concrete 

prepared with H-Cement was cast onto a small area reserved for a car park. The aim 

was to have a mid-sized slab on which to observe material performance when exposed 

to the elements. A certain degree of segregation was observed during concrete slab 

casting and construction. As a result, after the winter (a few months after concrete 

casting) a thin surface layer of concrete scaled and spalled. Nonetheless, at this writing, 

6 years after the concrete was place, the H-Cement concrete slab shows no sign of 

cracking (Figure 10(a)). In short, this first experience with H-Cement was deemed to be 

so promising that it was used to optimise the water/cement ratio in H-Cements tested for 

other applications (in the next paragraphs some examples will be shown)  

That same year -2013- a German company specialising in motorway and airport area 

repair asked Považská cementáreň to design and prepare a concrete to be used as 

pavement able to develop 20 MPa strength in 12 h. The standard dose of cement for the 

type of concrete requested would range from 350 kg/m3 to 380 kg/m3. The batching 

designed for the concrete used in the aforementioned works (where concrete was cast 

during the summer months at temperatures of 30 °C) is given in Table 4. As the data 

show, the binder used in the concrete, a blend of H-Cement and 42.5 R portland cement 

at a ratio of 30:70, comfortably met the strength requirement specified. 
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Table 4. Concrete for summertime motorway repair 
Material kg/m3 

CEM II/A-LL 42.5 R cement 245 
H-Cement 105 
Water 120 
BASF GLACE 420 2.45 
1LP 70 0.7 
X-SPEED BASF 7.0 
0 mm to 4 mm aggregate 
4 mm to 8 mm aggregate 
8 mm to 16 mm aggregate 
16 mm to 22 mm aggregate 

629 
629 
393 
314 

Total 2442.4 

F2 mm 410 

12 h compressive strength  27.3 MPa 

 1LP70 additive was used to improve the concrete workability 

 

A concrete with a CEM I 52.5 R portland cement content of 370 kg/cm3 and a 12 h 

target compressive strength of 20 MPa routinely supplied by a German manufacturer for 

road repair has been shown to be prone to low workability and early age cracking, 

particularly when poured in hot weather. 

In that context, advanced repair concrete design entailing the addition of small amounts 

of H-CEMENT to the mix proved to deliver remarkable benefits, including: i) the 

acceptable performance of lower strength class cement such as CEM I 42.5 R when 

used in conjunction with H-CEMENT; ii) less heat of hydration and early age cracking 

(as per published articles); iii) improved compaction (pilot tests); iv) lower CO2 

emissions. 

 

H-Cement is also particularly apt for concretes to be cast in warm weather. With H-

Cement concrete, no problems arise even at temperatures of over 40 °C. Hot, dry 

summers followed by a long rainy season have consistently caused severe damage to 

German motorways [86]. The main conclusion drawn from the use of H-Cement as a 

partial replacement for portland cement in motorway surface repair was that scant 

expansion joints were needed which should contribute to lengthening road service life 

[76].  
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Figure 10. (a) H-Cement concrete applications: car park (2013 - 2019), crack-free after 
6 years; (b) and (c)  H-Cement concrete dosed as shown in Table 5  
 

Another promising feature of this material is its self-levelling capacity. The comparison 

between the characteristics of an H-Cement self-levelling floor to those laid with other 

types of materials in Table 5 shows that the former is highly suitable for such 

applications.  

 

Table 5. Comparison of self-levelling flooring 
 Anhydrite-based 

mixes 
Concrete mixes H-concrete 

Flatness 2 mm/2 m  5 mm /2 m  2 mm/2 m  
Pumpability  Readily pumpable Readily pumpable Readily pumpable 
Bending strength   < 4 MPa  <  4 MPa  < 4 MPa  
Compressive strength < 20 MPa  15 - 25 MPa  > 15 MPa  
Remaining moisture irrelevant scant scant 
Intrinsic properties in 
humid environments  

not relevant  no effect  no effect  

Bug holes no yes  no 
Bleeding no yes  no 

Torsion/vulnerability no yes  no 
Plastic cracking no  yes  no  
Expansion no  yes  no, if concrete 

well designed  
Affected by air flow 
and temperature when 
curing  

no  highly scantly 

Tile laying constraints sealant required no sealant 
required 

no sealant 
required 

 

On the other hand a well-known Slovakian manufacturer of autoclaved aerated concrete 

(AAC) replaced CEM I 42.5 R with H-Cement in all its products. The results show that 

H-Cement is not only wholly apt for AAC manufacture, but that the new product has 

higher mechanical strength than the material made with CEM I 42.5 R. 

4.3.- Solutions to some common problems  

Based on the experience acquired in recent years, the problems commonly encountered 

with OPC and H-Cement differ in certain significant ways, as do the respective 
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solutions. The following is a brief description of the appearance of several common 

problems associated with H-Cement and how to address them. 

A) Efflorescence 

From the outset, H-Cement exhibited a certain tendency to generate efflorescence. The 

problem was solved, however, by optimising the water/cement ratio, and/or adding a 

small amount of ground limestone to the material and vibrating the fresh concrete 

immediately prior to casting. When the literature has occasionally dealt with 

efflorescence in alkaline cements [87-89] the conclusion drawn is that beyond the 

aesthetics involved, efflorescence has an adverse effect on the quality of the outer layer 

of concrete.  

Some very limited efflorescence (no different than observed in portland cement) was 

observed to appear in H-Cement several years after casting. The present authors found 

that efflorescence in hybrid cement concretes is not only aesthetically and 

technologically detrimental, but an indication that cement hydration is not taking place 

optimally, normally due to environmental or mixing conditions. 

B) Alkali-Silica Reaction (ASR) 

The ASR can be a serious problem in many parts of the world [90-92]. The 

recommended ceiling for alkalis in ordinary portland cements used with potentially 

reactive aggregate for laying pavements is Na2Oeq.=0.8 % [93]. Maintaining such 

constraints will lower the future availability of natural aggregate substantially in a 

context in which cement manufacture is becoming increasingly dependent upon 

alternative raw materials and fuels with a ‘high’ Na2Oeq. content. 

The swelling reaction that prompts expansion and concomitant cracking in today’s 

concretes (Equation 7) is less intense in H-Cement than in portland cement. In the 

former, all the alkalis present in the medium [Na2Oeq.>>0.8] are consumed to activate 

the aluminosilicates in the fraction of the alkaline cement included in the material. That 

constitutes an obvious and substantial advantage over OPC, for H-cement in fact 

inhibits the ASR (Figure 11) [94-95]. 

 (Figure 10) [83-84]. 
             2NaOH + SiO2 + nH2O        Na2SiO3xn H2O     Ec. 7 
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As the graph in Figure 11 shows, 180 d H-Cement mortar expansion stabilised at 

0.020 % and remained well under 0.100 % throughout. The H-Cement suitability for 

mitigating alkali-aggregate reaction (AAR) was verified on the cement mortars 

according to STN 72 1179 Determination of the alkali-aggregate expansion (alkali-

silica reaction) - the related ASTM Standards: C289 – 03 for chemical method; ASTM 

C1293 – 08b for length change of concrete. 

 
Figure 11. Expansion in 180 d prismatic mortar specimens stored at 20 °C or 40 °C 
(HC= H-Cement mortar; PC= CEM I 42.5 N mortar; and HM= 70 % PC and 30 % 
HC)  
 
C) Chemical resistance 

 

H-Cement has been classified and certified as a sulfate-resistant binder [96]. Tests in 

which H-Cement was exposed to a highly aggressive environment (5 % Na2SO4) for 

5 years revealed its exceptional chemical resistance (see Figure 12). That property may 

in fact lead to the penetration of new markets, such as oil well construction and waste 

water piping, to name just two of many. 

 

Figure. 12. Sulfate-resistant 
 

E) Biodeterioration 

Concrete biodeterioration due to microbiological activity on the surface or inside the 

pore network should not be deemed to be a minor issue [97-99]. Concrete biocorrosion 

may shorten the material’s service life drastically. The addition of ground granulated 

blast furnace slag (GGBFS) to portland cement is known to increase the material 

fungicidal properties [100] (Patent SK 288106). H-Cement also exhibits such 

properties. When tested for degree of fungal growth as described in Czech standard 

ČSN 72 4310: 1977 and compared to a commercial fungicide, it scored as 1 and the 

commercial fungicide as 0. The interpretation of those results is as follows. 

 0-rated materials are apt for use in hospitals, food handling facilities, schools, 

kitchens, swimming pools and similar; and 
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 1-rated materials are apt for use in the timber industry, agriculture, water 

treatment plants, wine cellars and similar.  

In short, biodeterioration is a new feature of hybrid cement with obvious positive 

implications for its technological and environmental value. 

 

CONCLUSIONS 

1.- The present findings constitute a considerable corpus of compositional and 

microstructural evidence attesting to a ‘conceptual identity’ between some of the 

lime+pozzolan cements used by the Romans 2000 years ago (the durability of which is 

beyond question) and the hybrid portland-alkaline cements presently under 

development. Among others, the evidence reveals the presence in both types of 

materials of C-A-S-H gels with zeolite- (or zeolite precursor)-like phases including 

alkalis in their structure, along with minority phases such as katoite, strätlingite and so 

on. 

2.- There is a strong motivation to study the effect of time on hybrid cements to 

establish the compositional and microstructural differences and similarities with Roman 

cements to the necessary precision. Only now, 2000 years after they were made, are 

Roman cements beginning to be studied and understood in depth due to the recent 

application (during the research step) of very sophisticated, powerful and precise 

analysis devices. 

3.- Technologically speaking, the hybrid cement studied (H-Cement) exhibits promising 

advantages over the traditional portland binder, including resistance to the alkali-

aggregate reaction, chemical agents and fire, to name a few. Moreover, H-Cement can 

be produced on an industrial scale in the same facilities as portland cement, irrespective 

of the reasonable expectation that future research will lead to significant improvements 

in both manufacturing processes and the final product. 

4.-From the perspective of sustainability this hybrid cement: 

 emits significantly less CO2 than portland cement 
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 is assumed to be compatible with a wide variety of aggregates recycled from 

industrial waste. 

5.- The standards in place (in general) around the world should be revised rather sooner 

than later to include this type of binders (as well as some more new binders) as cements 

apt for commercial use. 
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