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Aqua Traiana is an ancient Roman aqueduct, built to supply water to the ancient city of Rome and still working
nowadays. This work is focused on the characterization of its mortars, and in particular the binders, to identify
the reasons of such a durable resistance. Samples collected inside the aqueduct were analysed by Optical Mi-
croscopy (OM) in thin sections, X-ray Powder Diffraction (XRPD), Scanning Electron Microscopy with Energy-
Dispersive X-ray Spectroscopy (SEM-EDS), High Resolution Field Emission Scanning Electron Microscopy (HR-
FESEM-EDS), Electron Microprobe (EMPA), Differential Scanning Calorimetry coupled with Thermogravimetric
Analysis (DSC-TGA), Fourier-Transform Infrared spectroscopy (FTIR), X-ray Absorption Near Edge Structure
(XANES) spectroscopy and N3 adsorption/desorption measurements. The presence of an amorphous gel-like C-
(N,K)-A-S-H binder and the complete absence of calcite in Trajan Age samples constitute a unique case, and may
be the reason of the high hydraulicity of the mortar. Establishing how these features were produced could allow

them to be replicated in high-durability and high-compatibility restoration mortars.

1. Introduction

Mortars and concretes are artificial materials produced by human
beings since antiquity starting from natural materials. The first appli-
cations were mainly limestone or gypsum-based plasters starting from
9000 BCE. The ancient technology was based on burning limestone or
gypsum, grinding the heated block, and slaking it with water. After the
application, the paste reacted with the CO5 in the atmosphere producing
a hard and resistant material. During Roman times, lime plasters and
mortars were more widespread, due to their higher strength and dura-
bility compared to gypsum [1]. An important improvement is repre-
sented by the mixing of slaked lime with high-alkali products and
volcanic ash to produce hard, durable, and waterproof materials, both in
terrestrial [2-4] and in marine environments [5,6]. The addition of
pozzolanic material to the aerial lime was not a Roman discovery,
although Romans were the first to use such mortars widely [7].

Roman hydraulic mortars are an example of high technological level
of ancient civilizations, therefore their characterization has received

great attention in archaeometric studies [2-5]. The mineralogy of the
pozzolanic aggregate has been studied in detail [3,4,8-12], and it has
been proved that ancient Romans considered the volcanic materials
from Monti Sabatini, the Alban Hills, and Pozzuoli’s surroundings as the
best aggregates to manufacture good hydraulic mortars [8,10,13,14].
Nowadays, the pozzolanic aggregates added to Portland cements to
improve their mechanical features are called Supplementary Cementi-
tious Materials (SCMs) and includes fly ash and slag [7,15,16].

Despite the widespread interest in Roman hydraulic mortars [17],
only few scientific studies have been conducted to investigate them in
ancient Roman aqueducts [18-20], or in building materials used in the
ancient aqueducts [21-23]. Concerning the city of Rome, few archaeo-
metric studies were published so far on Roman aqueducts and on their
building materials [24,25]. The methods usually applied in the
archaeometric studies of ancient mortars include optical microscopy in
thin sections (OM), X-ray powder diffraction (XRD), IR [26] and Raman
[27] spectroscopy, Scanning Electron Microscopy (SEM-EDS) [3] ther-
mogravimetric, mechanical [28], and porosimetric analysis [29].
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Recently the application of synchrotron radiation techniques has given a
major boost to this field [30,31].

The typical features of lime—pozzolan mortars, such as high strength,
insolubility, and their ability to maintain their properties even under
water, ensured their success in ancient times [12]. Pozzolan fragments
are made of highly reactive aluminosilicates, with a high fraction of
amorphous/glassy materials. These are mixed with calcium hydroxide,
i.e. hydrated lime, according to the reaction:

(1) CaO (lime) + H,O (water) — Ca(OH),

The pozzolanic materials consume the hydrated lime, as in (2),
producing Calcium Silicate Hydrates C-S-H and Calcium Aluminosili-
cate Hydrates C-A-S-H, which confer hydraulicity to the mortar.

(2) Ca(OH), + pozzolan (reactive silicates and aluminosilicates) + H,O
(water) -» C-S-H + C-A-S-H

The process results in the formation of reaction rims surrounding the
aggregates [32].

In an effective pozzolanic system, Ca(OH), should be fully consumed
by the reaction (2). After time calcite can be formed by the carbo-
natation of the excess Ca(OH),, or by the degradation of C-S-H and C-A-
S-H [17,33].

Among the Roman aqueducts, the Aqua Traiana aqueduct (Rome,
2nd century AD) represents a unique case study, because of its long
history and extraordinary resistance to decay processes, which is mainly
attributed to the high durability of its hydraulic mortars, still main-
taining their function.

It was built by Emperor Trajan in 109 AD and carried water for 57 km
from the springs located north of Lake Bracciano to Trastevere in the city
of Rome, where water mills were located in ancient times [34,35]. After
several destructions during the barbarian invasions, it was finally
restored by pope Paulus V (1609-1612) [35,36], and it still carries water
to Rome today.

Preliminary archaeometric analysis on both ancient mortars (those
dated back to the Trajan Era and those belonging to the papal restora-
tion) has indicated a unique composition of the mortars of the Trajan
phase, which has never been observed before. As expected, in the Trajan
and papal mortars, the aggregate was mainly composed of pyroclastic
products with pozzolanic behaviour from the Roman Magmatic Prov-
ince. On the contrary, the expected typical calcitic lime binder was
observed only in the papal mortars. In addition, unlike the papal samples
and the other Roman hydraulic mortars studied until now, the Trajan
binder resulted calcite-free and amorphous [18-20].

In order to understand if such extraordinary resistance and durability
are related to the original Trajan mortars, to those of papal restoration or
both, a mineralogical, physical, microstructural, and chemical charac-
terization of both mortar binders from the ancient Aqua Traiana was
performed to help revealing the materials employed and the chemical
reactions which occurred.

The results of this study are intended to offer a clearer historical and
archaeological context. Moreover, modern applications may benefit
from a better understanding of ancient mortar technology.

2. Materials and methods
2.1. Samples

Samples were collected inside a still functioning secondary duct at
Sette Botti - Trevignano Romano, in the northern area of Lake Bracciano
(Rome, Italy). Mortar samples were collected from areas identified by
the archaeologists as belonging to the Trajan Age and to the papal
restoration works, based on macroscopic features and stratigraphic
context. Samples were collected as representative of different types of
masonry in the aqueduct. Particularly, mortars were taken either be-
tween bricks (opus latericium), between stone blocks (opus reticulatum) or
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hydraulic plaster, from the internal duct along a 1-km-long tract of the
aqueduct. Samples were collected by the aid of a hammer and chisel, at
different heights to be representative of different environmental condi-
tions (above or below water level, or on the vaults) (Supplementary data
SUP1-2).

Preliminary analysis on the same samples by a multi-analytical
approach including OM in thin sections, XRPD, SEM-EDS, and electron
microprobe analysis (EMPA) [24] revealed that the mortar aggregate is
mainly composed of pyroclastic products with pozzolanic behaviour
from the Roman Magmatic Province. In particular, the results revealed
that the aggregate is similar among the studied samples and it is of
volcanic origin, with shapes ranging from rounded to sub-rounded and
variable grain size. The volcanic materials with pozzolanic behaviour
are pumice clasts, tuff, lava fragments, and pozzolan compatible with
Vitruvius’ harena fossicia. Artificial aggregate, such as crushed ceramic
fragments, which are typical of a type of mortar called cocciopesto, has
been found only in papal mortars. The binder in the Trajan samples is
amorphous while the papal ones have a typical calcitic lime binder. The
binder/aggregate ratio of Trajan Age samples was estimated to be about
1:3, and 1:2 in the papal samples [24].

2.2. Analytical techniques

2.2.1. Minero-petrographic analysis

Thin sections of each sample were analysed by polarized optical
microscopy (OM) using a Zeiss D-7082 Oberkochen, and characterised
according to Pecchioni’s criteria [37]. Samples were analysed under
both plane-polarised light (PPL) and cross-polarized light (XPL).

2.2.2. X-ray diffraction

A manual separation with the aid of a stereomicroscope was per-
formed to collect only the binder fraction, which was then finely ground
in agate mortar for X-ray Powder Diffraction measurements (XRPD). All
samples were analysed using a Bruker D8 focus diffractometer with
CuKo radiation, operating at 40 kV and 30 mA. The following instru-
mental parameters were chosen: 3-60° 20 range, angular step of 0.02°/
20, and 2 s counting time. Data processing, including semi-quantitative
analysis based on the “Reference Intensity Ratio Method”, was per-
formed using XPowderX software [38].

2.2.3. Scanning Electron Microscopy

Representative thin sections were metalized with graphite and
Scanning Electron Microscopy with Energy-Dispersive Spectroscopy
(SEM-EDS) was carried out using a FEI Quanta 400, equipped with an
EDS detector for microanalysis, to reveal the morphology and the
elemental composition of the binder samples.

In addition, High Resolution Field Emission Scanning Electron Mi-
croscopy (HR-FESEM) and EDS microanalysis was performed using an
AURIGA Zeiss Microscope (SNN-lab at Center for Nanotechnology for
Engineering-CNIS, Sapienza University of Rome) equipped with a
Bruker detector for EDS to characterise the binder at nanoscale.

2.2.4. Differential Scanning Calorimetry and Thermogravimetric Analysis

An SDT Q600 (TA Instruments) was used for simultaneous Differ-
ential Scanning Calorimetry and Thermogravimetric Analysis (DSC-
TGA) measurements on the binder fraction, which was separated from
the aggregate with the aid of a stereomicroscope. Powdered samples
(average mass of ca. 10 mg) were placed in a platinum pan. An equi-
librium temperature of 40 °C was maintained for 5 min, then the anal-
ysis was performed from 40 °C to 1000 °C with a heating rate of 20 °C/
min. O, was used as purging gas at a rate of 100 mL/min.

2.2.5. Electron microprobe analysis

Electron Microprobe Analysis (EMPA) was carried out using a
Cameca SX50 equipped with five wavelength-dispersive spectrometers
and operated at 15 kV accelerating voltage, 15 nA beam current and 10
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pm beam size. Element peaks and background were measured with
counting times of 20 s and 10 s respectively. Reference standards and
matrix corrections were applied as in [24].

2.2.6. Chemical attack with HCl

Representative Trajan samples were subjected to acid attack (5%
diluted and concentrated HCl by dropping directly on the binder area) to
reveal the presence of carbonates.

2.2.7. Fourier-Transform Infrared spectroscopy (FTIR)

After the separation with the aid of a stereomicroscope, the binder
fraction of Trajan and papal samples was deposited onto a diamond
compression cell and crushed to obtain a thin sample to be analysed in
transmission mode. In addition, p-ATR analysis was performed directly
on thin sections of both Trajan and papal samples.

IR analyses were performed using a Nicolet iS50 Analytical FTIR
Spectrometer coupled with a Continuum IR microscope. Spectra were
acquired in the 4000-400 cm™! range, with a spectral resolution of 2
cm™! and a signal/noise ratio of 42,000:1. Fourier transform was per-
formed on the sum of 200 scans.

2.2.8. X-ray Absorption Near Edge Structure (XANES)

Selected mortar samples belonging to the Trajan age were analysed
at the [-18 beamline at the Diamond light source (UK) in the form of thin
sections.

XAS is informative of the local structure around a selected atomic
species, which is indicated as the absorber atom (Ca, in our case). The
spectral features reflect the type, number, and distance of the first few
coordination shells around the absorber atom (up to 5-8 A). One of the
main advantages of XAS over XRPD is that it can also detect amorphous
phases, or phases where the concentration of the absorber element is
very low compared to the major elements (down to few ppm).

XAS spectra were acquired in fluorescence mode at the Ca K-ab-
sorption edge (~4039 eV) in the energy range 3843-4419 eV (energy
step 0.3 eV), using a monochromator equipped with Si 111 crystals.

Because of the low signal-to-noise ratio, only the near-edge part of
the spectra (called X-ray absorption near-edge structure, or XANES),
which has a stronger signal, was considered. In this case, it is not
possible to extract the structural parameters, and the speciation of the
absorber atom (Ca) can only be inferred by comparison with the spectra
of Ca-reference compounds, or by performing a linear combination
fitting (LCF) using these latter to match the sample spectrum.

The following references were measured in transmission mode:
vaterite, apatite, calcium chloride (CaCly), calcium hydroxide (por-
tlandite, Ca(OH),), calcium acetate (C4HgCaO4), and calcium sulfate
(CaS0O4-2H,0). Additional references were kindly provided by Dr. Lau-
rent Cormier (Institut de Minéralogie, de Physique des Matériaux et de
Cosmochimie, France), and included: calcite (CaCOgs), grossular
(CazAlySi3013), wollastonite (CaSiOs), diopside (CaMgSi»Og), and
anorthite (CaAl,SizOg). Details on the experimental setup used to ac-
quire the additional references can be found in Cormier et al. [39]. The
XANES spectra were calibrated, background-subtracted, and normalized
using the Demeter software package [40], which was also used to
perform Linear Combination Fits (see the Results section).

2.2.9. N3 adsorption/desorption measurements

Specific surface area (BET method) and textural properties were
determined by the adsorption/desorption of Ny at 77 K using a Micro-
meritics 3Flex 3500 Analyzer (Norcross, GA, USA) after sample out-
gassing at 110 °C for 3.5 h via thermally-controlled heating mantles, up
to a residual pressure lower than 0.8 Pa. Pore-size distribution was
determined by the BJH method [41] from the adsorption isotherm. The
total pore volume was obtained by the rule of Gurvitsch [42]. The un-
certainty was +2 m? g~! for the specific surface area values, +0.005
em® g~ for the total pore volume values and +0.2 nm for the pore di-
ameters. Due to the apparent inhomogeneity of the samples,
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measurements were performed on two different portions of material to
test the reproducibility.

3. Results

3.1. Characterization of mortar binders of Trajan Age and papal
restoration

Samples of Trajan Age are characterised by the presence of an
amorphous gel-like cementitious matrix (Fig. 1a—c) with colours ranging
from green to brown (PPL). The binder is rich in Si and Al as revealed by
EDS (Fig. 2a). XRPD defined the binder as mainly composed by clino-
pyroxene and K-feldspars, plus minor amount of biotite and, in few
cases, analcime, whereas calcite was not detected (SUP3).

XRPD analysis, carried out on the sole binder fraction of the Trajan
samples, showed results similar to those from both binder and aggre-
gate, probably because the fine grain size of the aggregate makes it
difficult to be separated by hand [43] (SUP3).

On the contrary, a calcitic lime binder was identified in the samples
related to the restoration works carried out under Pope Paulus V. Optical
Microscopy showed a micritic texture with bright white to beige colour
and high birefringence with dark coloured neo-formed phases at PPL
(Fig. 1b-d). In this case, XRPD highlighted the presence of calcite in
addition to the other mineral phases found in the Trajan samples (SUP4).
Accordingly, chemical analysis showed high content of Ca and minor
amount of Si and Al (Fig. 2b).

Mortar samples were analysed by simultaneous DSC-TGA to estimate
the percentage of calcite and to ascertain its absence in the samples of
Trajan Age.

In the original Trajan mortar samples (Fig. 3) two main endothermic
reactions occurred: the first is the release of absorbed water (around
82 °C) that caused a weight loss of 6.2%, and the second one is the
dehydration of hydraulic compounds at about 437 °C with a weight loss
of 5.2% [33,43-48].

The total weight loss was scarce; indeed, the residue was 88.7% and
the absence of calcite was confirmed. The lack of this phase in the Trajan
samples was further confirmed by the chemical attack with HCI: no re-
action was observed under the stereomicroscope.

The DSC-TGA plot of a papal sample (Fig. 4) shows the occurrence of
three endothermic events: at 90 °C adsorbed water caused a weight loss
of 4.8%; at about 438 °C the dehydration of hydraulic compounds took
place; and finally, at 748 °C the decomposition of carbonate phases
occurred with a weight loss of 13% [49]. After the analysis, the residue
(77.9%) was lower respect to the Trajan samples and the results allow
estimating a 29.5% of calcite in the binder.

The CO2/H0 ratio (weight loss of carbonates >600 °C respect to the
weight loss of hydraulic water in the 200-600 °C range) was calculated,
in order to evaluate the hydraulic indices of the binder [50,51]. The
results in Table 1 show higher hydraulic character for the Trajan Age
mortars respect to the papal ones.

3.2. Detailed characterization of the gel-like amorphous binder

Micro-FTIR analysis performed on the powdered Trajan samples
showed the presence of silicates (large absorption band at about 1000
em! [52]) and some clay minerals by the absorption bands at about
3691 and 3623 cm ™! [53]. However, the contribution of clay minerals is
not observed in FTIR spectra performed using p-ATR on the sole binder
fraction (Fig. 5).

Numerous EMP analyses were performed on the amorphous gel-like
binder to better define its chemical composition; however, due to the
amorphous nature of the binder, the analyses never reached the total of
100 wt% (maximum between 50 and 60 wt%). The results confirmed
SEM-EDS data, showing a high content of SiO,, followed by Al,O3; low
content of CaO and K30. The comparison with reference data provided
for Roman mortars from the Temple of Castor in Rome (117 BCE) [54]
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Fig. 1. OM micrographs showing (a) Trajan Age sample: the amorphous binder with an aggregate composed of fragments of volcanic rocks, pyroclastic rock
fragments (red pozzolan) and crystals of feldspar, amphibole and pyroxene dispersed in the binder (sample TRA19, in PPL (left) and XPL (right)); (b) papal
restoration sample: calcitic lime binder with micritic texture and aggregate of grog fragments mixed with porous pyroclastic rock fragments; amphiboles, pyroxene
and feldspar are also dispersed in the binder (sample TRA34, in PPL (left) and XPL (right)); (c) Trajan Age sample: amorphous binder at higher magnification (sample
TRA23 in XPL); (d) papal restoration sample: calcitic lime binder at higher magnification (sample TRA35 in XPL). (For interpretation of the references to colour in

this figure legend, the reader is referred to the Web version of this article.)

highlights the peculiarity of the Trajan mortars, in which the amount of
CaO is considerably lower than in literature data; consequently, an
enrichment of Al,O3 and SiO5 is observed.

Within fragments of pyroclastic products (tuff-type) with high
porosity, pores filled with recrystallizations were identified. SEM images
allowed to distinguished needle-shaped crystals from totally filled pores
(Fig. 6). In the first case EMPA results indicated the presence of zeolites,
chabazite type, whereas in the totally occluded pores the composition is
similar to the amorphous binder, with a high content of Si and Al, scarce
amounts of Ca, K, Na and Fe (Fig. 7).

Observations at higher magnification by HR-FESEM allowed to
document needle-like formations dispersed in the binder matrix (Fig. 8).
Chemical maps highlighted that the needle-like cementitious gel is
mainly composed of Si, Al and Ca.

XAS spectra acquired at the Ca K-edge on the sole binder fraction
were consistent (Fig. 9a), indicating a similar local structure around the
Ca atom. Sample spectra were different from the relevant Ca-reference

spectra (calcite, grossular, wollastonite, diopside, portlandite, anor-
thite, vaterite, apatite, Ca-sulfate, Ca-acetate, Ca-chloride, Fig. 9b), or
from all their linear combinations, indicating that the above phases were
not present. As the most common Ca-bearing crystalline phases did not
reflect the Ca-speciation, to help reveal the Ca phases present in the
samples, a range of aluminosilicate glasses with different Ca/Na and Si/
Al ratios were obtained from Cormier and Neuville [39], where syn-
thesis method and characterization of these soda lime aluminosilicate
glasses can be found. As it can be seen in Fig. 9c, the spectral features of
the mortar samples and of the aluminosilicate glasses are very similar.
To try to improve the match, linear combinations using the alumino-
silicate glasses were attempted using the set of synthetic silicate glasses
reported in Table 2. The results show that the best fit with the spectra
resulting from the average of all binder spectra can be obtained by
combining roughly 54 + 5 mol% of NCA30.30.00 and 46 + 5 mol% of
NCA60.00.20 (Fig. 9d).

This result indicates that the local structure around the Ca atoms is
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Fig. 2. SEM images (left) and EDS spectra (right) showing (a) Trajan Age sample: the amorphous gel-like binder (sample TRA11), and (b) papal restoration sample:
the calcitic lime binder with micritic texture and neo-formed calcium aluminosilicate hydrate (white colour in BSE image) (sample TRA34). EDS spectra refer to the
red dots in the SEM images. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 3. TGA curve (green) and Derivative thermogravimetry (DTG) curve
(blue) of a Trajan sample (TRA8). (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)

similar to that of the aluminosilicate glasses. The minor mismatches
with the sample spectra may be ascribed to the different Ca/Na and Si/
Al ratios of the synthetic aluminosilicate glasses, which have a different
chemical composition (Table 2) with respect to the mortar Trajan
samples.

Overall, XAS data confirmed the absence of calcite, portlandite, and
other crystalline Ca-bearing phases in the Trajan samples (at least at
levels above ~5 mol%, which is the sensitivity of the LCF of XANES
spectra) and indicated that an amorphous Ca-rich aluminosilicate phase
(C-A-S-H) is the main Ca-bearing phase.

Finally, textural properties of the Trajan samples were analysed by
nitrogen adsorption/desorption measurements. The results of specific

Fig. 4. TGA curve (green) and DTG curve (blue) of a papal sample (TRA35).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

Table 1
Calculation of CO»/H50 ratio from the TGA curve of Figs. 3 and 4.

Sample Weight loss (wt. %) in each temperature range (°C) CO,/H,0 ratio
<200  200-600  >600

Trajan Age 6.2 5.2 0.1 0.02

papal 4.8 5.1 13 2.55

surface area, total pore volume, and maximum values in the pore size
distribution, are reported in Table 3.
These textural properties are typical for ancient Roman mortars,
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revealing the presence of mesopores with a small diameter (2-10 nm),
generally much lower than pore sizes of modern hydraulic mortars,
possibly affecting water adsorption and mechanical properties (high
durability and resistance) of the mortars [29].

4. Discussion

All the mortar samples from the Aqua Traiana aqueduct can be
defined as hydraulic mortars characterised by the presence of a pozzo-
lanic aggregate [24]. It has been reported that the presence of pozzolan
favours the hydraulic reaction [18] and therefore it is an important
variable to take into account. Particularly, both the amorphous fraction
in the pozzolan materials and the secondary alteration products in vol-
canic fragments (Fig. 6), i.e., the zeolites generated through the inter-
action with circulating water [55], strongly favour the hydraulicity
[56]. However, we have to consider that the presence of analcime could
be also due to the interaction with fluids during the setting and the
concurrent alteration of typical zeolites (such as chabazite and phil-
lipsite) in pyroclastic Italian deposits [57].

In addition to natural pozzolanic aggregate, artificial materials with
pozzolanic behaviour were found only in the papal samples [24]. The
use of ceramic fragments as aggregate in ancient Roman mortars is
widely attested as an alternative or concomitant of pozzolan [37];
however, the reaction is not as strong as with pozzolan because of the
lower Ca(OH); consumption [58].

Therefore, the high durable resistance of ancient mortars [59] may
be ascribed to hydraulic components with high percentage of amor-
phous fraction and zeolites.

Fig. 5. Micro-FTIR spectrum of the powder Trajan sample (top sample TRA2)
and p-ATR spectrum of the binder fraction in thin section (bottom sample
TRA11). The latter spectrum mainly shows the absorption bands of the
embedding resin (Ep) of the thin section, and the band at about 1000 cm !
related to silicate phases.

Fig. 7. Bar diagram of EMPA results collected on gel-like matrix (top) and C-A-
S-H filled pores (bottom).

Fig. 6. SEM images of a pyroclastic product in a Trajan sample (TRA23): the magnified view highlights that vesicles contain (a) early C-A-S-H rims and later zeolite
crystals and (b) C-A-S-H fillings.



L. Medeghini et al. Cement and Concrete Composites 148 (2024) 105484

Fig. 8. FESEM images of a binder area in a Trajan sample (TRA21) at different magnifications showing a needle-like cementitious gel. A FESEM map shows that the
needle-like formations in the binder are mainly composed of Si, Al and Ca.

Fig. 9. a) XANES spectra of the Trajan mortar samples (TRA2, TRA11, TRA12, TRA21). b) XANES spectra of the crystalline Ca-references. c) XANES spectra of the
Ca/Na-rich aluminosilicate glasses with different Ca/Na and Si/Al ratios from Cormier and Neuville [39] (Table 2), and of the average of the Trajan mortar spectra
reported in panel (a). d) Best LCF of the Trajan mortar average spectrum using 54% of the NCA30.30.00 spectrum and 46% of the NCA60.00.20.
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Table 2
Chemical composition (mol%) of the Ca/Na-rich aluminosilicate glasses (from
Cormier and Neuville, 2004 [39]).

Glass sample Si05 (mol%) Al,03 (mol%) Na,O (mol%) CaO (mol%)

NCA60.00.20 60 0 20 20

NCA50.10.20 50 10 20 20

NCA40.20.20 40 20 20 20

NCA30.30.20 30 30 20 20

NCA30.30.10 30 30 10 30

NCA30.30.00 30 30 0 40
Table 3

BET specific surface area (S.A.), total pore volume (V) and maximum values of
pore diameter (D) of Trajan samples (TRA14, TRA19).

Sample S.A. (m2~g’1) Viot (cm3~g’1) D (nm)
TRA 14 51 0.138 2.0; 6.8
TRA 19 54 0.130 1.9;7.3
TRA 14 (second test) 48 0.132 2.1;7.4
TRA 19 (second test) 57 0.128 2.0; 6.2

The aggregate fraction is similar for papal and Trajan samples;
conversely, the binder fraction constituted the main difference among
them. Indeed, the results showed the presence of a calcitic lime binder in
the samples related to the restoration of Pope Paulus V, whereas the
samples of the Trajan Age are characterised by a calcite-free amorphous
gel-like binder.

Air-hardening lime with the addition of natural and artificial mate-
rials with pozzolanic behaviour may explain the hydraulic characteris-
tics of the papal samples [37]. Specifically, the hydraulic reaction of
papal mortar might develop in three steps: 1) lime and water produce
hydrated lime; 2) this latter is consumed by reactive silicates and alu-
minosilicates (from pozzolan and ceramic fragments), producing C-S-H
and C-A-S-H; 3) calcite is formed by the reaction of CO, with uncon-
sumed hydrated lime and/or as the result of the carbonatation of hy-
drated phases [4,54,56].

Amorphous gels, as the rim of pozzolanic aggregate, and calcite
usually coexist and have been identified in other Roman architectures
such as seawater harbours [5,14,60], the Trajan Markets [3], and a
Roman cistern [46].

Hence, the absence of calcite in the original Trajan mortars from the
Aqua Traiana is a unique case in archaeometric studies, and it could be
due to different factors. For the aggregate, the abundant presence of
materials with pozzolanic behaviour, and, particularly, glassy aggre-
gates with limited amount of crystalline minerals, determines a high
reactivity. Indeed, it is well known that amorphous structures are more
reactive than the crystalline ones, due to the greater mobility of their
atoms [56].

It is known that long-term pozzolanic reactions are controlled by
many different variables, such as the content of silica and alumina [15],
the chemical and mineralogical composition, the amount of active
phases, the lime/pozzolan ratio, the water content, and the temperature
[56]. The fine grain size of the aggregate in the Trajan mortars may
facilitate a higher short-term pozzolanic reactivity [14,61] by increasing
the specific area available for the chemical reaction with calcium hy-
droxide. The fine grain size also allows the pozzolanic reaction in the
pores. Moropoulou et al. [62] observed that during hydraulic setting,
lime penetrates into the fine aggregate reducing the pore size. On the
contrary, with coarser aggregates the reaction does not develop very far
into the pores of the aggregate, but it is limited to the surface, resulting
in a better adhesion between binder and aggregate [63]. Nevertheless, it
has to be considered that the specific surface area of the aggregates
impacts on the water demand of the paste, whereas the amount of
amorphous fraction determines the strength of the mortar [56].

Although very unlikely, another possibility could be the presence of
reactive aggregates. It has been found that in some mortars the low
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amount of pozzolan and clay minerals could not explain high hydrau-
licity features [64]. Indeed, under specific conditions, plagioclase,
feldspars, and other minerals can be destabilized releasing silicates and
increasing the final hydraulicity. This results in reaction rims similar to
those found around pozzolan inclusions [64], as can be observed on the
border of the minerals dispersed into the Trajan binder [24]. This pos-
sibility has never been discussed in relation to historical mortars, but
only for the alkali-silicate reaction (ASR) in Portland Cement concrete.
However, it has been observed that in the presence of SiO, with lattice
defects or low crystallinity, high humidity, high pH, and alkali content,
this possibility should be taken into account [64].

Finally, the specific environmental conditions of the setting could
have prevented carbonatation. In fact, the samples were collected inside
a still-functioning aqueduct, where humidity is high and CO scarce
[12]. However, the sole environmental conditions cannot explain the
difference among Trajan and papal samples, which were subjected to the
same temperature and humidity conditions.

Considering the above discussion and the results of the analyses, the
following reactions may have occurred in the original Trajan mortars: 1)
marl mixed with water produced hydrated lime, 2) which was consumed
by volcanic products enriched in alkali [65] producing a C-(N,K)-A-S-H
gel with needle-like formations [4,54].

The low content of calcite in the starting raw material could have
prevented portlandite carbonatation into calcite because all portlandite
is consumed in the formation of C-A-S-H gels.

The CO2/H30 ratio calculated from DSC-TGA clearly indicates a high
discrepancy in hydraulicity between the Trajan Age and papal samples,
suggesting that the amorphous binder is the cause of the increased hy-
draulic characteristics of the Trajan mortars [43,50,66]. In addition, it
was proved that the C-(N,K)-A-S-H gel is also responsible for the me-
chanical strength of the binder, similar to modern cement-based mate-
rials [14], as this silica gels form a fairly porous structure that is
chemically stable and not subjected to volume expansion [64]. Textural
analyses show the presence of finer pores than those in modern hy-
draulic mortars (up to 100 nm). It is possible to hypothesize that, by
filling pores and favouring adhesion among aggregates, the gel improves
the resistance to external agents (such as water in the aqueduct), and
consequently the durability of the mortar [67].

5. Future benefit estimation

It is assumed that one chilogram of Portland clinker releases 0.87 Kg
of CO; into the atmosphere [68]. In this way, the European annual
carbon dioxide emissions due to the production of Portland clinker
contribute to at least 8% of global CO; emissions [69]. It is generally
agreed that such emissions should be decreased as required by Kyoto
commitments. In addition, conservators need to repair deteriorated
mortars and damaged masonries of historical buildings with mortars
compatible with the original materials, and they strongly disagree with
the employment of Portland cement for this task [59,70-72]. Therefore,
the production of a material that could replace Portland cement with
comparable or better mechanical features and lower CO, emissions
would represent a landmark for modern building industry.

The addition of reactive aggregates (such as ash, slag, and volcanic
pozzolan) as well as the use of clayey materials, has been proved to
produce concretes with high workability, strength, and durability, that
can also be more environmentally sustainable [68]. In particular, the
addition of fine aggregates derived from waste material from other
productions, can strongly improve the compression strength of mortars,
due to a micro-filler effect [73].

The results of this work show that the raw materials used for the
Aqua Traiana aqueduct may be a good choice in terms of strength and
durability. In addition, the diffuse presence of amorphous hydraulic
formations, as those identified in ancient mortars from aqueducts, de-
termines a greater energy absorption, resulting in a higher resistance to
continuous stress and strain [74].
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Recent studies on geopolymers focused the attention on the materials
and the alkaline activation, which could represent an alternative to
cement production. In these studies, the product obtained by the main
reaction, i.e. an amorphous aluminosilicate gel with small amount of
zeolites [75], is similar to what identified in the ancient mortars studied
in this work, suggesting that past recipes could be used as a guide to
develop better and more sustainable cements.

6. Conclusions

This work analysed in detail the binder of mortar samples from the
Aqua Traiana aqueduct to understand if it was the cause of the
extraordinary resistance and durability of this monument. A mineral-
ogical and chemical characterization of the original Trajan mortar
binders, and those of papal restoration, was performed. Despite both
binders containing similar aggregate, the papal samples are charac-
terised by a calcitic lime binder, whereas the Trajan Age samples are
characterised by an amorphous gel-like binder without calcite. The lack
of calcite, in particular, has never been observed before in ancient
binders.

The higher hydraulicity of the Trajan Age mortars suggests that the
presence of an amorphous binder with needle-like shape results in
enhanced hydraulic characteristics and improved mechanical strength.
Therefore, the results indicate that the durability of the monument may
be related to a calcite-free amorphous gel-like binder.

In addition, other parameters play an important role in determining
the strength of mortars from the Aqua Traiana:

the pozzolanic aggregate with variable grain size, high percentage of
amorphous fraction, and high amounts of zeolites,

the sole presence of natural materials providing pozzolanic behav-
iour (absence of artificial ones),

the optimal binder/aggregate ratio,

the diffuse presence of micro-pores instead of macro-ones.

However, despite the thorough characterization of the mortars of the
Aqua Traiana aqueduct, a certain identification of which variable con-
tributes the most to the final product has not been possible yet. New
samples must be prepared and analysed to fully identify the recipe of the
ancient mortars. In addition, the production steps required to obtain the
C-(N,K)-A-S-H gel are still undefined, and further research is necessary.

The strength and durability observed in these ancient mortars offers
an excellent model to produce improved mortars for modern applica-
tions, such as conservation and sustainable building. The lesson that can
be learned from the past may lead to mortar binders with increased
environmental sustainability, compatibility with original materials (in
restoration), and high resistance to continuous stress and strain.
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