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Abstract. The late 191/ early 20" century was a period of active
usage of low-temperature hydraulic binders, e.g.,, Roman cement,
for the construction of buildings. Dolomitic Roman cement was
characteristic of Latvia in contrast to the rest of Europe, where
calcitic Roman cement was applied. The research has been
conducted with the aim to synthesize a binder from local clay and
dolomite compatible with historical dolomitic Roman cement. The
results of chemical and XRD phase analyses have approved that
Devonian as well as Quaternary clay mixed with dolomite can form
a binder that closely conforms with historical ones. The obtained
compositions can be considered perspective for restoration needs.
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|. INTRODUCTION

A great part of the most famous cultural heritage of Latvia —
Art-Nouveau style buildings — has reached its centenary. Now it
is time to start restoration of these buildings. Therefore, careful
research of the historic building material is an obligate
prerequisite to provide qualitative restoration and durability of
one of the most valuable identity signs of Riga.

The late 19" and early 20™ centuries were periods, when the
dominance of European Historicism and Art Nouveau style in
architecture coexisted with the dominance of hydralic low-
temperature binders in building construction and decoration.
Low-temperature natural cement — Roman cement — was a
hydraulic binder produced by firing marl (mineral composed of
60-75% of calcite or dolomite and 25-40% of clay) below its
sintering temperature (800-1200 °C) and by fine grinding. This
binder was characterized by fast setting (usually 720 min),
beautiful texture, warm brown colour and good durability [1].

In Latvia, in contrast to other parts of Europe, dolomitic
Roman cement was produced. However, since the middle of the
20™ century its production has been stopped and earlier craft
techniques and production technologies have been forgotten [2].

Nowadays, there is the necessity for compatible material for
restoration needs. The lack of original historic binders has led to
misunderstandings and poor quality restoration work. For this
reason, extensive research has been conducted in Central
Europe to bring back the historic material and technology [3].

In recent years, there has been increasing interest in the
19"/20™ century architecture and its restoration. Several projects
[3] have been carried out in Central Europe to examine
historically used binders and create a strategy for their
restoration. Many attempts have been undertaken to find a
technology for the manufacturing of these historic binders and,
what is more important, of new ones that would be compatible
with historic ones and, therefore, suitable for restoration

purposes. Since 2003, such international projects as ROCEM
(2003-2006) and ROCARE (2009-2012) have been carried out
(in cooperation with scientists from the United Kingdom,
Poland, Austria and other countries) with an objective of
conducting systematic studies aimed at promoting Roman
cement “rebirth”, exploring its properties and improving
technology in order to obtain the material suitable for
restoration purposes. Within the framework of these projects,
historic renders based on calcitic Roman cement have been
extensively studied, as well as this historic material and the
technology for conservation practice have been re-established

(Fig. 1).

Fig. 1.0rnament made of experimentally synthesized calcitic Roman cement
in the framework of the ROCEM project (2003-2006)

However, dolomitic Roman cement has not been included in
these projects because dolomitic marl as a raw material is not
obtained in the main part of Europe. As it dominated in Latvia’s
architecture in the 19th/ 20th centuries and it has specific
properties different from calcitic Roman cement, local scientists
have devoted attention to it in previous studies [2,4,5].

Production of dolomitic Roman cement in the territory of
Latvia started in 1865, when a hydraulic binder was obtained by
firing dolomitic marl (domerite) at 800-900 °C and by fine
milling [2]. Due to a relatively high amount of active
CaO+MgO, it required storage in a moist environment for a few
months before usage. Dolomite with clay content exceeding
15% was used for the production of the so-called “Riga
cement”. Setting time of dolomitic Roman cement is longer
than that of calcitic Roman cement (it usually sets in 30 min or
up to 3h) [6]. Production of dolomitic Roman cement was
stopped after World War IlI. Industrial production of dolomitic
Roman cement from local marlstone is not possible anymore,
because its deposits are not sufficiently available. However, in
Latvia there are rich resources of mineral raw materials
(dolomite, clay, sand, limestone etc.) [5].
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Therefore, for the restoration purposes a new method has
been worked out in order to obtain composition from an
artificially made mixture of dolomite and clay similar to
natural marlstone that could be later fired and, as a result, a
binder could be obtained, similar to historical Roman cement
made of natural dolomitic marl.

Il. METHODS OF RESEARCH

For the synthesis of hydraulic low-temperature binder, two
types of clay — Quaternary (Spartaks deposit) and Devonian
(Liepa deposit) clay with carbonate content 23% and 3%,
respectively — mixed with dolomite powder were used.

Clay content (13-30%) in mixtures closely conforms with
chemical composition of dolomitic marl, which was original
raw material for Roman cement [6].

Both the chemical and phase compositions of the raw
materials were analysed. The results of the full chemical
analysis, XRD and DTA, have been reported previously [7].

Specimens were prepared by weighing the requisite amount
of raw materials — clay and dolomite — and by homogenizing
the mixture in the dry state.

Plate samples were shaped by semidry pressing, dried and
fired in the temperature range of 750-950°C in 50°C steps
with the holding time at each temperature for 2 hours. Natural
dolomitic marl (Dzukste, Latvia) was treated under the same
conditions.

Development of phases in the obtained material depending
on the production temperature was also investigated. Changes
in phase composition during hydration processes within 28
days were observed by XRD. For this reason, fired samples
were grinded and water was added in order to obtain binder
consistency. During the hydration process, the samples were
kept in a moist environment. Chemical and phase
compositions were compared in fired natural dolomitic marl
and synthesized mixtures, as well as in different Roman
cement samples.

Chemical and mineralogical compositions of raw materials
and synthesized binders were established by:

1) a full chemical analysis (carried out according to EN
196-2 and A Laboratory Manual for Architectural
Conservators (Teutonico, J.M., 1988));

2) XRD (Rigaku Ultima + with CuKa);

3) DTA/TG (SETARAM SETSYS Evolution — 1750).

1. RESULTS AND DISCUSSION

The results of XRD analysis show that crystalline phases of
the synthesized compositions after firing are equal to
crystalline phases in dolomitic marl fired at the same
temperature. The main crystalline phases are quartz (SiO,),
calcium oxide (CaQ), dicalcium silicate (2Ca0O-SiOy),
magnesium oxide (MgO) and tricalcium aluminate
(3Ca0-Al,03) (Fig. 2). Gehlenite (2Ca0O-Al,05'SiO,) appears
at temperatures higher than 850 °C. At temperatures lower
than 850 °C undissociated dolomite (MgCO3CaCO3) and
calcite (CaCO3) have also been detected [7].
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Fig. 2.XRD of synthesized mixture U2 (24% of Quaternary clay and 76% of
dolomite) after firing at 850 °C

Comparing compositions with an equal dolomite—clay ratio
(A2 and U2), the intensity of crystallization and crystalline
phases in both compositions are similar. Composition A2
contains more quartz due to a high content of it in Devonian
clay [8].

The formation of cement minerals — tricalcium aluminate
and dicalcium silicate — is the base for development of
hydraulic properties. Hydraulic hardening could not be
achieved without formation of cement minerals. Tricalcium
aluminate provides quick setting (characteristic of Roman
cement), but dicalcium silicate — gradual growth of strength
which is important for longevity of mortar [1]. In the
synthesized mixtures they are detected after firing at
temperatures higher than 800 °C. When Devonian clay is used,
crystallization of cement minerals appears already at 750 °C.

The relative changes in the amount of crystalline phases
were observed by measuring the characteristic peaks of each
phase under equal conditions. Formation of two main cement
minerals depending on the firing temperature is indicated in
Fig. 3 and Fig. 4. The tendency is similar for synthesized
composition U2 and natural dolomitic marl. Crystallization of
2Ca0-Si0; and 3Ca0-Al,05 begins at 800 °C and increases at
higher temperatures. Crystallization of dicalcium silicate
reaches maximum at 900 °C. Composition A2 distinguishes
itself by formation of 2Ca0O-SiO, at lower temperatures and
even increases of it.

2€a0-Si0,
60
50 e B
E » :
8 40 |
2 o
= 30 7 Dolomitic marl
g / -
E 70 , - . mem-- Composition A2
B
& /ﬁ Composition U2
10
w/
0 T

700 750 800 850 900 950 1000

Temperature, °C

Fig. 3. The changes of the amount of dicalcium silicate crysatlline phase
depending on the firing temperature
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Fig. 4. The changes of the amount of tricalcium aluminate crysatlline phase
depending on the firing temperature

Hydraulic components are particularly important when the
binder is exposed to a moist environment. Several mistakes
have been made when pure lime without hydraulic
components has been used in restoration. It can lead to peeling
of outer layers as it is shown Fig. 5.

Fig. 5. Result of the usage of pure lime binder without hydraulic components
in the restoration of Puze church, Latvia

Hydraulic properties of restoration materials are not
important only for the restoration of buildings, where natural
cement was used for their construction. They are of great
importance, where other materials with hydraulic properties
serve as the main binding material (impure lime, hydraulic
lime etc.).

One of the first rules of restoration is that historic and repair
mortars must be compatible, where compatibility is broadly
defined as the capacity of the repair mortar to interact with the
original historic material without causing any damage, directly
or indirectly. An old recipe or an exact copy of old mortar is
no guarantee for compatibility, because the repair mortar must

be adapted to the historic material in its present aged condition
[9].

The main difference in the mineralogical composition of
historical Roman cement and synthesized mixtures after firing
is notable in the content of free lime — there is more of it in the
synthesized mixtures.

Higher amount of cement minerals is reached in
composition U2, which contains Quaternary clay (Fig. 6). It
has also been observed in previous experiments [7]. There is
insignificant difference in the crystallization intensity of
cement minerals between the samples with various clay
content (Al — 13%, A2 — 24% and A3 — 30%).
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Fig. 6. Comparison of relative intensity of crystalline phases in compositions
A2 and U2 after firing at 850 °C

When water is added to the synthesized composition after
firing, rapid formation of calcium aluminate hydrates occurs.
Hydration is completed in a few hours. The calcium aluminate
hydrate is mainly detected to be 4CaO-Al,O3 13H,0 (Fig. 7).
In the specimens fired above 800°C after 28 days of hydration,
the XRD analysis shows that more 4CaO-Al,O313H,0 is
formed in the samples fired at higher temperatures (beginning
with 900 °C). Rapid formation of this phase provides quick
setting.

Hydration of dicalcium silicate is slow. Even after 28 days
of hydraulic hardening there is still a significant amount of
unhydrated mineral in the specimens.
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Fig. 7. XRD of composition U2 after firing at 950 °C and hydraulic hardening
for 3, 7 and 28 days
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TABLE 1
CHEMICAL COMPOSITION OF DIFFERENT ROMAN CEMENT SAMPLES
Synthesized Synthesized
sample Historical dolomitic composition U2 fired composition A2 fi!’ed Calcitic Roman
Roman cement at 850 °C (dolomite at 850 °C (dolomite cement (the ROCEM Error + absolute %
Component (Podolska, 1849 [6]) with 24% of with 24 % of project, Cracow, 2006)
Quaternary clay) Devonian clay)
Loss ot gnition at 0.40 2.16 2.02 03
'1‘883005 Ignition at 22.45 0.73 2.44 21.47 03
Insoluble residue - 17.30 28.10 13.63
Soluble SiO, 9.09 10.45 9.66 9.55 0.5
CaO 40.56 39.70 28.94 42.33 0.5
MgO 21.85 24.52 17.75 1.90 0.5
Al,04 4.14 5.00 6.80 6.38 0.5
Fe,0s 1.32 1.03 2.04 0.71 0.2
Na,O - 0.04 0.05 0.33 0.02
K0 - 0.32 2.55 1.65 0.02
CaO/MgO 1.9 1.6 1.6 22.3 -

Chemical composition of both synthesized binders is close
to historically produced dolomitic Roman cement (Table 1) as
it has been expected after calculations based on the chemical
composition of raw materials. Particularly important is the
content of active (soluble) SiO,, Al,O; and Fe,O;. They are
basic components that form cement minerals in reaction with
free lime. The same content of these components is in the
calcitic Roman cement, which was synthesized in the ROCEM
project (2006). Basic difference between chemical
composition of calcitic and dolomitic Roman cement is the
Ca0O/MgO ratio.

IV. CONCLUSIONS

Low-temperature natural cement — Roman cement — was a
hydraulic binder produced by firing marl below its sintering
temperature and by fine grinding.

Dolomitic Roman cement was characteristic of Latvia in
contrast to the rest of Europe, where calcitic Roman cement
was used for the construction of buildings in the late 19"/
early 20" century.

Nowadays, there is the necessity for compatible material for
restoration needs.

The binder compatible to historical dolomitic Roman
cement has been obtained from dolomite—clay mixtures
containing Quaternary as well as Devonian clay.

The main crystalline phases of the binder are quartz (SiO,),

calcium oxide (Ca0O), dicalcium silicate (2Ca0O-SiOy),
magnesium oxide (MgO) and tricalcium aluminate
(3Ca0-Al,05).

It has been detected by the XRD analysis that crystallization
of cement minerals — dicalcium silicate and tricalcium
aluminate — in composition A2 appears in lower temperature
(750 °C) than in composition U2 (800 °C). Their content
increases with temperature.

Temperatures higher than 900 °C are inappropriate for the
synthesis of dolomitic Roman cement because of the
formation of inactive MgO (periclase), which hydrates slowly
and can cause damage in the material.

Temperatures in the range of 800-850 °C have been chosen
as optimal for the synthesis of hydraulic binder from the
mixture of clay and dolomite similar to natural dolomitic
Roman cement.
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Inta Barbane, Inta Vitina, Linda Krage. Zemtemperatiiras hidrauliskas saistvielas restauracijas vajadzibam

Vienlaikus ar historisma un jligendstila uzplaukumu Eiropas arhitektira 19. un 20. gs. mija blivnieciba domingja zemas temperatiiras
hidrauliskas saistvielas, taja skaitda romancements. Ta ir dabiga saistviela, kas iegiita, apdedzinot mergeli — karbonatu iezi ar augstu malu
saturu — temperaturas, kas zemakas par ta sakepSanas temperatiiru (800-1200°C). Atskiriba no Centralas Eiropas, kur ticis lietots kalkakmens
mergelis, Latvijas teritorija no 1865. gada lidz II Pasaules karam raZoja dolomitromancementu, par izejvielu izmantojot vietgjo dolomita
mergeli. Misdienas vésturiskais materials vairs netiek razots un zinas par ta ipa§ibam un ieguvi ir zudusas. Tomér restauracijas vajadzibam
nepieciesams izzinat §Ts saistvielas Ipasibas un iegit ar to saderigu materialu. Tadge] tiek veikts p&tijums, lai sintez&tu saistvielu no viet&ja mala
un dolomita, kas biitu saderiga ar vésturisko dolomitromancementu. Sim mérkim sausa veida tika sajaukts pulverveida dolomits ar divu tipu
maliem — kvartara un devona, preséti plak$nveida paraugi un apdedzinati 750-950°C temperatiira. Malu saturs paraugos (13-30 %) ir
pietuvinats ta saturam v&sturiski lietotaja dolomita mergeli. P&c apdedzinasanas ar rentgena difraktometrijas fazu analizes metodi noskaidrots,
ka neatkarigi no malu tipa, to maisijuma ar dolomitu iesp&ams iegit saistvielu, kas fazu un kimiska sastava zina ir tuva Vesturiskajam
saistvielam un ir perspektiva pielietojumam restauracija. Galvenas kristaliskas fazes ieglitaja materiala ir tadas paSas ka apdedzinata dolomita
mergeli, proti, kvarcs (SiO,), kalcija oksids (Ca0O), dikalcija silikats (2Ca0O-SiO,), magnija oksids (MgO), trikalcija aluminats (3Ca0O-Al,O3) un
gelenits (2Ca0-Al,03-Si0,). Cementa mineralu veido$anas konstatéta temperataras, kas augstakas par 800°C.

Huta Bap6ane, Unta Butnns, Jlunga Kpare. HuskoremnepatypHble rupaBjiniecKue BSLKYIIHMe MATEPUAJIBI 115 pecTaBpaluu
OmHOBpEMEHHO C TMpOIBETaHWEM foreHcTwisi B EBpomelickoil apxurektype HakaHyHe XIX m XX Beka B CTPOUTENHCTBE AOMHHHPOBAIH
BSDKYIIME MaTepHalbl, MOTyYeHHbIe TP HU3KUX TEMIIepaTypax, B TOM YMCJIe POMAHIIEMEHT. DTO HaTypajbHOE BSDKYIIEe BELIECTBO, KOTOPOE
MOJTy4eHO 00HroM Mepreds (kapOOHATHas MOPO/a, COAepIKallasi BBICOKHI ypOBEHb TIIHHBI) B TeMIIepaTypax, Hike crekanus (800-1200 °C).
B LlenTtpansHoii EBpome ucnons3oBayicss M3BECTKOBBIA Meprenb, omHako, B JlatBum ¢ 1865 r. mo |l Muposoii Boiinbl mponsBoauim
JIOJIOMUTHBII POMAHIIEMEHT, JJIsi KOTOPOrO B Ka4eCTBE CHIPbS MCIIOJIL30BAJICS MECTHBIH JO0JOMHUTOBBII Mepreib. B Hamm THU HCTOpUYecKuit
Marepuan OoJbIIe He MPOM3BOAUTCS, TaK KaK OTCYTCTBYET CHIPbE M 3HAHUS O HeM MoTepsHbL [1o3ToMy Ienmbio JaHHON paboTHI SABIAETCS
n3ydYeHHe CHHTEe3a JOJOMHTOBOTO POMAHIIEMEHTA, MCIONB3YS B Ka4EeCTBE CHIPhSI MECTHBIM "MOTOMHT" M TNIMHY, W HONydeHHe MaTepHaia C
COOTBYIOIIMMH  (DPU3UKO-XMMHUYECKIMH CBOWCTBAMH HCTOPHYECKOMY pPOMAaHIEMEHTy. Jlis 9Toif memm B CyXOM BHAE CMEIIaHBI
MOPOIIKOOOPA3HBI JOJIOMHT C ABYMS THUIAMH TJIMHBI - YETBEPTUIHON MM JEBOHCKOI. METOIOM IpeccoBaHMs MOIYYeHBI IIIMTKOOOpa3HbIe
00pasiibl, KoTopble oOxwuramuck mpu Temmneparype 750-950 °C. Copeprkanue rauwHbl B oOpasmax (13-30 %) ONHU3KO K HCTOPUYCCKOMY
JoioMuToBOMY Meprento. [Tocie 00xura, METoJOM PEeHTTEHHOBCKOTO (ha30BOTO aHAJIN3a, BBIICHEHO, YTO HE3aBUCHMO OT THIIA TIIUHBI B CMECH
C JIOJIOMHUTOM BO3MOXXHO IIOJIYYHTH BSDKYIIEE BEIIECTBO, KOTOPOE MO (ha30BOMY M XUMUYECKOMY COCTaBY COOTBETCTBYET HCTOPHYECKOMY
POMaHIIEMEHTY, CIIe0BaTeNIbHO, MEPCIEKTUBHOMY ISl pecTaBpanuy. [ J1aBHble KpucTauinueckue (a3bl B MOJYYSHHBIM MaTepHalle TaKuH ke
Kak B 00oKeHHBIM Meprene - kBapi (Si0,), ukcun xampuust (Ca0), cumukan mukanpims (2Ca0-Si0,), okcun maraus (MgO), Tpukasbis
anmymuHat (3Ca0-Al,O53) u renensut (2Ca0-Al,03-Si0,). Munepassl neMeHTa 00HOPYKEeHBI TPHU Temreparypax cBbiire 800°C.
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