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ABSTRACT 

Clay-based building materials have been very popular in construction and common in cultural heritage sites 
around the Mediterranean. The excavation of the Late Bronze Age settlement of Thessaloniki Toumba 
(northern Greece), revealed an abundance of this type of material with apparent preservation problems 
mainly caused by swelling phenomena due to water absorption and/or humidity fluctuations. This led to 
the alteration of the structural and aesthetic integrity of the archaeological findings, jeopardizing the preser-
vation of the site and as a consequence, the archaeological evidence that they contain. Triggered by the iden-
tification of swelling clay phases in the sixteen samples of mud-bricks, this work studies the effectiveness, in 
terms of anti-swelling action, of two different categories of calcium hydroxide materials: saturated solution 
of calcium hydroxide (limewater) and various types of laboratory produced nano-lime dispersions. The ef-
fect of the dispersion medium (water and mixed polar solvents) on the reactivity of calcium hydroxide with 
clays and the stabilization of their microstructure were investigated on laboratory produced clay briquettes 
containing different percentages of montmorillonite (1, 5 and 15 % w/w). 
The interpretation of mineralogical (XRD) and chemical results (FTIR) highlighted the significance of the 
dispersion medium for the treatments and the beneficial role of laboratory prepared nano-lime dispersions 
when they are used as swelling inhibitors. Nanolimes were able to react and stabilize the external layers of 
clays through the formation of C-S-H, thus resulting in increased durability of mud- briquettes against swell-
ing. 

 

 

KEYWORDS: Bronze Age Tumba, Nanolime, Mud bricks, Adobe structures, Swelling clays, Montmorillo-
nite, Consolidation, Earthen Architecture, Conservation 
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1. INTRODUCTION 

Clay (or mud) has been widely used, since the 
prehistoric times for building (Minke 2012). Clay-
based building materials can be classified in many 
categories in terms of the preparation process and 
use, such as mud-bricks, clay-plasters, cob and 
rammed earth (Garcia-Vera et al., 2018; Lawrence et 
al., 2009; Emiroğlu et al., 2015). They are frequently 
found in many archaeological and cultural heritage 
sites of the Mediterranean basin, shaping the field of 
earthen architecture (El-Derby et al., 2016; El-Gohary 
et al., 2009; Jimenez-Delgado et al., 2006; Lanzon et 
al., 2020; Quagliarini et al., 2010). The majority of 
earthen architecture monuments consisted of hand-
made mud-bricks produced by a mixture of earth 
and water, which was then left to dry under natural 
environmental conditions (Quagliarini et al., 2015). 
Mud-bricks are, therefore, composite building mate-
rials consisting of a variety of non-plastic compo-
nents (such as rock fragments and organic fibres) 
and clay minerals, which act as binder (Elert et al., 
2015; Hall et al., 2004). The extensive diachronic use 
of this type of building materials is related to their 
wide availability (soil and water) and low cost (Gar-
cia-Vera et al., 2018).  

However, clay-based building materials present 
limited durability against water-related degradation 
processes, such as capillary absorption, wetting-
drying cycles, freeze-thaw and soluble salt crystalli-
zation (Rainer, 2008; Chen et al., 2018; Crosby, 1988). 
Moreover, the deleterious role of water is associated 
with the swelling phenomenon of clay minerals and 
the subsequent effect on the degradation of the 
structure.  

The prehistoric settlement of Thessaloniki Toum-
ba in northern Greece, is an example of extensive use 
of mud-bricks for building and it offers a unique op-
portunity to expand our knowledge on the technolo-
gy and conservation of such materials. The settle-
ment is located in the Ano Toumba district on the 
low hills of the north-east part of Thessaloniki, 1.7 
km from the present coast of Thermaikos bay and at 
an altitude of 73 m. The excavations indicate that the 
site was occupied between 2000 B.C. and the end of 
the 4th century B.C. The mud-brick material included 
in this study were excavated at the summit of the 
mound, where the houses of the LBA phase of the 
settlement were located, tightly clustered (Andreou, 
2007; Andreou et al., 1996). The primary building 
material used for the construction was mud-bricks 
reinforced with wooden posts (Andreou et al., 1996). 
It is worth noting that the LBA settlement has not 
faced fire or any similar destruction and, therefore, 
mud-bricks have not undergone any heating process 
(Andreou, 2007).  

The technological study of mud bricks through 
mineralogy and chemistry is of particular interest 
since this type of material usually does not survive 
for long periods and unburned findings from the 
Bronze Age are rare. Moreover, the study of the cor-
relation between technological choices, material 
properties, and performance contribute to the study 
of technology evolution through time at different 
societal contexts (Lorenzon et al., 2020; Love, 2012; 
Xanthopoulou et al., 2020).  

The role of water in the study of the preservation 
of archaeological mud-bricks is very essential since it 
is responsible for the swelling of expansive clay 
minerals, leading to disordering and collapse 
(Stefanis et al., 2010). The swelling phenomenon is 
connected with the presence of smectite group clays 
or commonly known as swelling clays (Salles et al., 
2013). The event of swelling occurs when polar mol-
ecules like water are adsorbed and enter in the inter-
planar plane and cause the expansion of the inter-
layer, and thus the development of internal stresses 
and the eventual failure of the material (Hensen and 
Smit, 2002; Pham et al., 2014; Shalles et al., 2013; 
Stefanis et al., 2010; Wangler et al., 2008).  

The severe damage-risk of the mud-bricks under-
lines the need for protection through consolidation 
for the re-establishment of the mud-bricks’ coher-
ence and stabilization of the swelling-clays structure 
for preventing further degradation of the archaeo-
logical material. 

Regarding the preservation of clay-based materi-
als, in addition to the necessary cleaning treatments 
of the excavated material (Abd‐Allah et al., 2010; 
Saenz-Martinez et al., 2020), the main concern is 
their physicochemical stabilization. In general, the 
stabilization of earthen materials can be implement-
ed through three paths: mechanical, physical and 
chemical (Medjo Eko et al., 2012; Quagliarini et al., 
2015). Mechanical stabilization concerns the increase 
of the density of soil by compaction and thus in-
creasing the mechanical strength. Physical stabiliza-
tion involves the exploitation of properties like fir-
ing, electro-osmosis or soil structure improvement 
(Menjo Eko et al., 2012; Maskell et al., 2014; Quaglia-
rini et al., 2015). Finally, chemical stabilization in-
volves the use of additives or stabilizers as a means 
to modify the chemical characteristics of the clay-
based material and thus reduce the hydrometric 
shrinkage.  

The combination of consolidation with stabiliza-
tion re-establishes the internal cohesion of the loose 
layers and inhibits the hydrometric shrinkage ena-
bling them to maintain the valuable archaeological 
and contextual information (Garcia-Vera et al., 2020; 
Karatasios et al., 2009; Maravelaki-Kalaitzaki et al., 
2008; Michalopoulou et al., 2020). To this direction, a 
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promising consolidation agent with swelling-
inhibition properties of smectite minerals (Lanzon et 
al., 2020) is the group of alkaline activators such as 
saturated calcium hydroxide solutions (limewater) 
and Ca(OH)2 nano-dispersions (nanolime) (Elert, et 
al., 2015; Garcia-Vera et al., 2020). These materials 
have already been tested during the laboratory con-
solidation research for the conservation and preser-
vation of famous monuments like the Great Wall of 
the Ming Dynasty in China (Chen et al., 2018), the 
soil and the earthen wall in the Generalife garden in 
the Alhambra palace in Spain (Elert et al., 2015; 
Lanzon et al., 2020) and the Aztec-Period Rural Sites 
in Mexico (Camerini et al., 2018).  

The effective role of Ca(OH)2 is based on the short 
term and long term interactions with clay-phases, in 
the presence of water (Ouhandi et al., 2014). In short-
term, cation exchange is implemented in the pres-
ence of CaO in soils, causing the reduction of the 
repulsion forces between the alumino-silicate layers 
and the eventual flocculation of layers, thus improv-
ing them concerning the swelling and shrinkage 
properties (Ouhandi et al., 2014; Seco et al., 2011). In 
the long-term, under alkali environmental condi-
tions (with the excess of OH-), silica and alumina 
dissolve from the alumino-silicate layers and react 
with the Ca2+ thought the realization of the poz-
zolanic reaction (Daniele et al., 2013) and form ce-
mentitious compounds such as calcium silicate hy-
drates (CSH), calcium aluminate hydrates (CAH) 
and calcium alumino-silicate hydrates (CASH) (Elert 
et al., 2015; Ouhandi et al., 2014; Seco et al., 2011; 
Zarzuela et al., 2020). 

Compared to the traditional calcium hydroxide 
saturated water solutions, nanolime dispersions are 
characterized by a higher concentration of the active 
component, presenting a way to overcome the need 
of high repeatability of the saturated water solutions 
due to the low solubility of Ca(OH)2 in water (Gar-
cia-Vera et al., 2020). The size and shape of the 
Ca(OH)2 nanoparticles, along with the selection of 
the appropriate dispersion media have a critical im-

pact on the efficiency of the consolidation action 
since they affect the penetration ability of the disper-
sions and the surface area of the Ca(OH)2 nanoparti-
cles, and thus their reactivity (Borsoi et al., 2016; 
Michalopoulou et al., 2018; 2020; Otero et al., 2020; 
Salama et al., 2020). 

This paper studies the material properties of clays 
used for the production of mud-bricks found in the 
prehistoric settlement of Thessaloniki Toumba in 
northern Greece and how these affect their durabil-
ity and preservation of the archaeological site. For 
this reason, mineralogical and chemical characterisa-
tion of the sixteen clay samples was carried out as 
well as their durability when subjected to artificial 
weathering of wet/drying cycles was measured. 

Based on the physicochemical data, the potential 
anti-swelling role and protective effect of different 
forms of calcium hydroxide were studied. Calcium 
hydroxide was used in two forms: saturated solution 
of calcium hydroxide (traditional limewater) and 
various types of laboratory composed nanophase 
lime. The preservation mechanism was studied us-
ing laboratory replicas (briquettes) simulating the 
original material and containing different percent-
ages of montmorillonite (1, 5 and 15 %wt).  

Aiming to contribute to the field of conservation 
of mud-bricks, emphasis was given on the stabiliza-
tion of clay microstructure, by investigating the in-
situ interaction between calcium hydroxide and clay-
phases, depending on the dispersion medium of the 
consolidation agent (water and mixed polar disper-
sion medium). 

2. MATERIALS AND METHODS 

2.1. Archaeological samples 

Sixteen representative mud-brick samples coming 
from LBA structures were collected. All sixteen 
samples were macroscopically characterized as un-
fired clay with the compact structure containing, 
imprints and straw traces used for the reinforcement 
of the matrix (Table 1). 

Table 1 Macroscopic description of the 16 mud-brick samples from the prehistoric settlement of Thessaloniki Toumba, 
Greece 

Samples I.D.  Description 

TB12/01 

 

Colour: reddish brown 

Structure: Compact structure with straw traces 
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TB12/02 

 

Colour: red 

Structure: Compact structure with straw traces 

TB12/03 

 

Colour: reddish yellow 

Structure: Compact structure with straw traces 

TB12/04 

 

Colour: red 

Structure: Compact structure with charcoal and 
straw traces 

TB12/05 

 

Colour: reddish brown 

Structure: Compact structure with straw traces 

TB12/06 

 

Colour: reddish brown 

Structure: Compact structure with straw and traces 

TB12/07 

 

Colour: reddish brown 

Structure: Structure characterized by the presence of 
cracks and straw traces 
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TB12/08 

 

Colour: pale brown 

Structure: Compact structure with straw and traces 

TB12/09 

 

Colour: pale brown 

Structure: Compact structure with straw and traces 

TB12/10 

 

Colour: pale brown 

Structure: Compact structure with straw and traces 

TB12/11 

 

Colour: pale brown 

Structure: Compact structure with straw and traces 

TB12/12 

 

Colour: pale brown 

Structure: Compact structure with straw and traces 

TB12/13 

 

Colour: pale brown 

Structure: Compact structure with straw and traces 
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TB12/14 

 

Colour: pale brown 

Structure: Compact structure with straw and traces 

TB12/15 

 

Colour: pale brown 

Structure: Compact structure with straw and traces 

TB12/16 

 

Colour: pale brown 

Structure: Compact structure with straw and traces 

 

2.2. Mineralogical and Chemical 
Characterization of Mud-bricks 

The characterization of mud-bricks was carried 
out by x-ray diffraction analysis (XRD) and energy 
dispersive X-ray spectroscopy (EDS). A representa-
tive amount of about 100 g from each sample was 
received after physical/mechanical separation with-
out affecting the integrity of the aggregate inclusions 
(rock fragments). The material with grain size below 
63 μm was used for the characterization of the clay 
fraction. The mineralogical analysis was carried out 
on treated samples with a dilute solution of acetic 
acid (5 % wt). The chemical treatment was imple-
mented for the removal of the calcareous phases, to 
facilitate the detection and identification of the clay 
minerals. The acid treatment involved the mixing of 
5 g of the archaeological material (<125 μm) with a 
100 ml of dilute acid solution, under magnetic stir-
ring. Then the liquid excess was removed and re-
placed with fresh dilute acid solution. The process 
was repeated several times upon the absence of any 
bubbling phenomenon. The solid residue was then 
collected, rinsed with deionized water and then left 
upon drying in the oven (T<100oC). Finally, the 
treated materials were subjected to grinding for the 
preparation of the samples. 

2.3. Artificial ageing test- wet/drying cycles 

Twelve out of the sixteen samples were selected 
and placed separately on filtration papers in packed 
beds. In every cycle, the packed bed was soaked 
with deionized water that was absorbed from the 
mud-bricks through capillary. The water saturation 
of the mud-bricks was implemented quickly. Then 
the mud-bricks were left to dry to enable the macro-
scopic effect of the wet/drying cycle. The procedure 
was repeated two times since the shape of the sam-
ples was affected and disordered. 

2.4. Preparations of Ca(OH)2 based 
consolidants 

Three calcium hydroxide (Ca(OH)2) treatments 
were prepared for studying their reactivity with 
clays and their consolidation/stabilization ability 
(Table 2). The first two treatments (NW and 
N/w+isp) were laboratory composed colloidal dis-
persions of Ca(OH)2, via the bottom-up process. The 
bottom-up process concerns the displacement reac-
tion between calcium chloride CaCl2 (0.3 mol/L) and 
sodium hydroxide NaOH (0.6 mol/L) in an aqueous 
solution, according to the reaction (1):  
CaCl2 + 2NaOH  Ca(OH)2 + 2NaCl (1) 

The sodium hydroxide aqueous solution (ΝaOH ≥ 
98 %, Sigma-Aldrich) was added drop by drop in the 
calcium chloride aqueous solution (CaCl2.H2O ≥ 
99 %, Sigma-Aldrich) in an inert atmosphere (He) to 
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avoid the rapid initiation of the carbonation of the 
newly synthesized Ca(OH)2 nanoparticles (Lanzon et 
al., 2017; Michalopoulou et al., 2020). The final prod-
ucts were calcium hydroxide nanoparticles Ca(OH)2 

and the water soluble sodium chloride NaCl, which 
was removed by continuous washings with distilled 
water. The implementation of the bottom-up process 
led to the production of aqueous nanolime disper-
sions of concentration of 1,1% w/v (NW). To study 
the effect of the modification of the dispersion medi-
um, in a second dispersion, the distilled water was 
replaced with a mixed polar dispersion medium 

(N/w+isp)(Daniele et al., 2012; Michalopoulou et al., 
2018;2020). The dispersions (Table 2) were then 
placed for ultrasonic agitation (UIP 1000 hdT 
Hielser), for disaggregation of any agglomerates de-
rived from the synthetic procedure. 

Similar to the procedure described in the literature 
(Rodriguez-Navarro et al., 2013), a saturated aque-
ous Ca(OH)2 solution was produced via the dissolu-
tion of laboratory produced lime putty (d=1.75 
g/cm3) in distilled water, under continuous stirring 
(LW).  

Table 1 Ca(OH)2 consolidation treatments 

I.D. Sample Active component Dispersion medium 

   Water 2-propanol 
NW Colloidal Dispersion Ca(OH)2 100% - 

N/w+isp Colloidal Dispersion Ca(OH)2 10% 90% 
LW Saturated Solution Ca(OH)2 100% - 

 
Mineralogical characterization of the samples was 

implemented by X-ray diffraction (XRD), in a Sie-
mens D-500 diffractometer, using the Cu-Kα radia-
tion (λ = 1.5406 Å). The diffractograms were collect-
ed in the range of 5-55 o 2θ scale, with a step of 0.03 
o/3sec. All liquid samples were deposited on Si-
wafers adjusted on typical XRD holders and left to 
dry under laboratory conditions.  

Chemical characterization was implemented by 
Fourier-transform infrared spectroscopy (FTIR). A 
drop of the liquid samples was placed on a Si-wafer, 
left upon drying and then stored in the oven for 3 
days at approximately 80 oC. Spectra were collected 
on transmission mode, in the range of 4000 to 400 
cm−1 (resolution 4 cm−1), with the use of a Bruker-
Tensor 27 spectrometer.  

The morphological characterization was imple-
mented by Scanning Electron Microscope coupled 
with Energy Dispersive X-ray analyzer (SEM/EDX). 
SEM images were acquired in a FEI Quanta Inspect 
instrument operated at 25 kV. All samples were de-

posited on SEM-holders and were gold-coated prior 
to examination. 

The X-ray diffractograms of all three Ca(OH)2 
consolidation treatments indicated the formation of 
portlandite with hexagonal crystal structure (Fig. 1). 
Minor phase of calcite (CaCO3) particles were also 
identified. The presence of calcite was related with 
the rapid initiation of the carbonation reaction 
(Michalopoulou et al., 2020). 

SEM images (Fig. 2) present the clusters of 
Ca(OH)2 nanoparticles formed during the drying of 
the samples on the stub. The aqueous nanolime dis-
persion NW resulted in plate like Ca(OH)2 nanopar-
ticles, characterized by dimensions between 150 and 
450 nm and by uniform size (Fig. 2a). The hydro-
alcoholic nanolime dispersion N/w+isp resulted in 
hexagonal, spherical and of undetermined shape 
Ca(OH)2 nanoparticles of dimensions between 200 to 
800 nm (Fig. 2b). The saturated aqueous lime solu-
tion LW resulted in the formation of large angular 
Ca(OH)2 particles of polydispersity in terms of size 
(Fig. 2c). 
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Fig. 1 X-ray diffraction pattern of the three Ca(OH)2 treatments 

  

 
Fig. 2 SEM observation of the morphological characteristics of the Ca(OH)2 consolidation treatments 

a) NW; b) N/w+isp and c) LW 

a b 

c 
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2.5. Preparation of artificial clay samples for 
studying the consolidation effectiveness 

The consolidation action of Ca(OH)2 treatments 
was carried out in two different modules.  

The first module concerned the investigation of 
the possible in-situ interaction between the Ca(OH)2 
and clays, to inhibit the swelling action of montmo-
rillonite. Clay powder enriched with 1%wt of mont-
morillonite was mixed with the two nanolime dis-
persions and the saturated Ca(OH)2 solution at 1:1 
ratio (Table 3). The treated clay mixtures were char-
acterized in terms of morphological characteristics 
after 24 hours and 1 month and in terms of the min-
eralogical and chemical composition of their reaction 
products, for 2 months.  

Table 2 pH of the Ca(OH)2 treatments before mixing with 
montmorillonite enriched clay specimens 

Sample  pH 

Ca(OH)2 
Montmorillonite content of clay specimens 

(% wt) 
 

NW 1 12.3 
N/w+isp 1 12.2 

LW 1 12.4 

The second module concerned the study of the 
potential modification of the swelling properties, 
and thus the microstructural and physical properties 
of laboratory synthesized clay briquettes of different 
swelling capacities. Three dry mixtures were synthe-
sized, adding three different percentages of mont-
morillonite (1, 5 and 15 % w/w), along with a 
montmorillonite-free reference mixture. After the 
addition of water, rectangular prismatic specimens 
were formed and left to dry until constant weight, at 
60 ± 5 oC. The three Ca(OH)2 treatments were ap-
plied drop to drop on the top face of the rectangular 
prismatic specimens, using a pipette (Fig. 3). The 
consolidation procedure was repeated ten times. Af-
ter the 10th application cycle, the treated mud bri-
quettes samples were cured in a ventilated box for 28 
days, under laboratory conditions (T = 20-25 oC, RH 
= 60-80 %). 

At the end of the curing period, both treated and 
untreated specimens were placed in contact with 
water, in order to absorb water and evaluate the 
consolidation and stabilization efficacy of Ca(OH)2 
treatments.  

  

Fig. 3 Laboratory synthesized clay briquettes, with different montmorillonite content and application procedure of the 
consolidation treatments 

3. RESULTS 

3.1. Chemical and Mineralogical Analysis of 
Mud-bricks 

The mineralogical (Fig. 4; Table 4) and chemical 
(Table 5) examination of the archaeological mud-
brick samples after chemical treatment indicated the 
presence of montmorillonite-Mt ((Na, Ca)0.33 (Al 
Mg)2 (Si4O10) (OH)2 nH2O), illite-I (K,H 

3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2.(H 2O)]), kaolinite-
kaol (Al2O3 2SiO2·2H2O), albite-ab (Na(AlSi3O8)), 
quartz-qtz (SiO2) and calcite-cal (CaCO3).  

As indicated in Table 4 and Table 5, montmorillo-
nite, a clay mineral of the smectite group, was pre-
sent in all samples, being responsible for the swell-
ing phenomena observed in the mud-bricks. 
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Fig. 4 X-ray diffraction patterns and semi-quantitative analysis of the sixteen mud-bricks 

 

Table 3 Mineralogical analysis results of the sixteen mud-bricks, indicating the abundance of the main clay phases de-
tected 

  Quartz Illite Montmorillonite Kaolinite Albite 

TB 12/01 ++++ ++++ +++ ++ ++ 

TB 12/02 ++++ ++++ ++ ++ ++ 

TB 12/03 ++++ +++ ++ ++ ++ 

TB 12/04 ++++ +++ + ++ + 

TB 12/05 ++++ +++ + ++ + 

TB 12/06 ++++ +++ ++ ++ + 

TB 12/07 ++++ ++++ +++ ++ ++ 

TB 12/08 ++++ ++++ ++ ++ ++ 

TB 12/09 ++++ +++ ++ ++ ++ 

TB 12/10 ++++ ++++ +++ +++ +++ 

TB 12/11 ++++ ++++ +++ +++ +++ 

TB 12/12 ++++ ++++ +++ +++ +++ 

TB 12/13 ++++ ++++ +++ +++ +++ 

TB 12/14 ++++ +++ + ++ ++ 

TB 12/15 ++++ +++ +++ +++ ++ 

TB 12/16 ++++ ++++ +++ ++ + 
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Table 4 Elemental analysis of the sixteen mud-bricks - split in two tables – expressed as percentage of the relevant ox-
ides (% wt) 

 TB12/01 TB12/02 TB12/03 TB12/04 TB12/05 TB12/06 TB12/07 TB12/08 

Na2O 1.1 0.9 1.2 0.7 1 1.1 1.2 0.9 

MgO 3.8 3.4 4.3 3.7 3.1 3.7 3.8 3.3 

Al2O3 17.2 15.7 17.6 18 12.3 13.6 16.3 12.6 

SiO2 52.6 55.4 54.7 55.4 58.6 52.6 52.7 42.9 

P2O5 0.2 0.4 0.2 0.3 1.8 2.4 0 0.5 

SO3 0.2 0.3 0.1 0 0.3 0 0 0 

Cl2O 0.1 0.1 0.2 0 0.5 0.1 0 0 

K2O 3.4 3.4 3.2 3.7 3.6 3.7 3.3 3.9 

CaO 8.4 8.9 4.1 5.9 9.1 11.4 12.1 22.6 

TiO2 1 1 1.1 1.1 0.9 0.9 0.7 0.9 

Cr2O3 0.1 0.2 0.4 0.2 0.3 0.3 0.1 0.1 

MnO 0.5 0.4 0.5 0.3 0.4 0.6 0.3 0.3 

Fe2O3 9.8 8.9 11.4 9.7 7.2 8.1 8.9 10.8 

NiO 0.4 0.3 0.5 0.3 0.4 0.3 0.2 0.2 

CuO 0.7 0.3 0.3 0.4 0.2 0.5 0.2 0.5 

ZnO 0.5 0.4 0.2 0.3 0.3 0.8 0.2 0.5 

Total 1.1 0.9 100 100 100 100 100 100 

 
 TB12/09 TB12/10 TB12/11 TB12/12 TB12/13 TB12/14 TB12/15 TB12/16 

Na2O 1.2 0.7 0.9 1.1 1.1 1 0.1 1.1 

MgO 4.3 3.7 3.3 3.7 3.6 4.1 3.8 3.7 

Al2O3 17.6 18 12.6 15.7 14.8 16.5 14.7 15.7 

SiO2 54.7 55.4 42.9 56.9 52.7 53.2 53.6 56.9 

P2O5 0.2 0.3 0.5 0.6 1.4 0.4 1.8 0.6 

SO3 0.1 0 0 0.3 0.1 0.1 0.5 0.3 

Cl2O 0.2 0 0 0.1 0.4 0.1 0.3 0.1 

K2O 3.2 3.7 3.9 3.3 3.8 4.5 3.4 3.3 

CaO 4.1 5.9 22.6 5.5 12.1 6.1 9.9 5.5 

TiO2 1.1 1.1 0.9 1.1 0.9 1.2 1.1 1.1 

Cr2O3 0.4 0.2 0.1 0.3 0.2 0.4 0.4 0.3 

MnO 0.5 0.3 0.3 0.3 0.3 0.3 0.6 0.3 

Fe2O3 11.4 9.7 10.8 10.4 8.2 10.7 8.2 10.4 

NiO 0.5 0.3 0.2 0.2 0.1 0.5 0.6 0.2 

CuO 0.3 0.4 0.5 0.3 0 0.4 0.4 0.3 

ZnO 0.2 0.3 0.5 0.2 0.3 0.5 0.6 0.2 

Total 100 100 100 100 100 100 100 100 

 

3.2. Effect of water-drying cycles on the 
archaeological mud-bricks 

The evaluation of the response of the twelve se-
lected archaeological mud-brick samples to the wet-
drying cycles revealed the weathering effect of the 
swelling mechanism, leading to the collapse of the 

samples after the drying process (Table 6). The col-
lapse of the archaeological samples after the comple-
tion of the first wet-drying cycle was attributed to 
the presence of smectite minerals and specifically 
montmorillonite that was detected by XRD (Fig. 4; 
Table 4). 

Table 5 Macroscopic characterization of twelve mud-bricks subjected to 1 wet-drying cycle 

Samples I.D. 
After initial water 

saturation (1st cycle) 
After wetting for second 

time 

TB12/01 
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TB12/02 

  

TB12/03 

  

TB12/04 

  

TB12/05 

  

TB12/06 

  

TB12/08 
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TB12/10 

  

TB12/12 

  

TB12/14 

  

TB12/15 

  

TB12/16 

  

 

3.3. Morphological characterization of 
laboratory prepared clay mixtures treated 
with Ca(OH)2  

The morphological characterization of the reaction 
products resulted by the interaction between 
Ca(OH)2 and the clay enriched with 1%wt of mont-
morillonite, was implemented by SEM at 24 hours 
and 1 month after their treatment. The microstruc-
ture presented in Fig. 5 is representative of the mor-

phology resulted in all three mixtures after 24 hours. 
In all samples large agglomerates with two distinct 
phases were detected, involving the presence of 
Ca(OH)2 agglomerated nanoparticles and flake-like 
formations attributed to the clay phases. The chemi-
cal composition of each phase was determined by 
elemental analysis (EDAX), which is also included in 
Fig. 5. 
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After 1 month, the micro-morphology of the three 

mixtures exhibited considerable differences (Fig. 6). 
The use of aqueous nanolime dispersion NW of 
plate-like homogeneous Ca(OH)2 nanoparticles (Fig. 
6a) resulted in the presence of more homogenous 
large agglomerates (Fig. 6b). Similarly, the use of 
hydro-alcoholic nanolime dispersion N/w+isp (Fig. 
6c) resulted in the presence of large agglomerates of 
homogenous morphological characteristics (Fig. 6d). 
However, in the case of the clay mixture treated with 
aqueous Ca(OH)2 saturated solution LW (Fig. 6e), 
the increased dimensions of the Ca(OH)2 particles 
proved to affect the morphological characteristics of 
the initial clay mixture (Fig. 6f). Overall, the presence 
of large agglomerates along with the absence of a 
homogenous porous network was the morphological 
characteristic detected in all three mixtures. 

3.4. Mineralogical characterization of 
laboratory prepared clay mixtures treated 
with Ca(OH)2 

The mineralogical examination of laboratory clay 
mixtures with 1%wt montmorillonite content (Fig. 7) 
indicated the presence of montmorillonite-Mt ((Na. 
Ca)0.33 (Al Mg)2 (Si4O10) (OH)2 nH2O), kaolinite-kaol 
(Al2O3 2SiO2·2H2O), illite-I (K.H 

3O)(Al.Mg.Fe)2(Si.Al)4O10[(OH)2.(H 2O)]), albite-ab 
(Na(AlSi3O8)), quartz-qtz (SiO2) and calcite-cal 
(CaCO3).  

The comparative evaluation of the mineralogical 
analysis of the three trials did not exhibit any differ-
ences. The elevated concentration of calcite (CaCO3) 
shadows the peaks corresponding to potential hy-
draulic (C-S-H or C-A-H) phases.  

 

  

Figure 5 Representative SEM/EDAX photomicrograph, exhibiting the microstructure and the elemental analysis of the 
agglomerates detected after 24h, indicating the Ca-rich (Ca) and Si-rich (Si) phases 
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 Ca(OH)2 Ca(OH)2 +1% wt Montmorilllonite enriched clay 

NW 

  

N/w+isp 

  

LW 

  

Fig. 6 Comparative evaluation between morphological characteristics of montmorillonite enriched clay (1% wt). treated 
with different forms of Ca(OH)2, after 1 month 

a b 

c d 

e f 
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Fig. 7 X-ray diffraction patterns enriched clay mixtures enriched with montmorillonite (1% wt) after a) 24h and b) 2 
months 

3.5. Chemical characterization of laboratory 
prepared clay mixtures treated with 
Ca(OH)2 

The FTIR analysis of the three treated clay mix-
tures after 24 hours presented similar results (Fig. 8). 
Specifically, the presence of the sharp band at 3640 
cm−1 corresponds to the OH- stretching modes of 
portlandite and the presence of humidity (Rodri-
guez-Navarro et al., 2013). The presence of calcite 
was identified by the small and sharp band at 1797 
cm-1 corresponding to the C═O bonds of the car-
bonates -CO3

2- (Galvan-Ruiz et al., 2009), the broad 
band centred at 1500 cm-1 corresponding to the ν2 
symmetric deformation of the carbonates -CO3

2- , the 
870 cm-1 corresponding to the ν3 asymmetric stretch-
ing of the carbonates -CO3

2- and, finally the 773 cm-1 
corresponding to the ν4 mode of the carbonates -
CO3

2-, underlying the carbonation of portlandite 
(Ca(OH)2) to calcite (CaCO3) (Michalopoulou et al., 
2020; Rodriguez-Navarro et al., 2013). The two bands 
at 1121 and 1010 cm-1 were attributed to the Si-O ν3 
vibrations, while the smaller band at 920 cm-1 was 

attributed to the Si-O stretching vibrations (Bar-
benera- Fernandez et al., 2015) (Fig. 8a, b and c).  
However, the FTIR analysis of the same samples af-
ter a time period of 2 months revealed the presence 
of C-S-H phases. Specifically, the interpretation of 
the spectra revealed a widening of the strong band at 
1176 cm-1 and 1086 cm-1 corresponding to the Si-O ν3 
vibration, a shift of the band corresponding to the 
internal asymmetric Si-O-Si from 1010 to 1041 cm-1 
and the absence of the small and sharp band at 920 
cm-1 corresponding to the silanol group Si-O-Si (Bar-
benera-Fernandez et al., 2015; Camerini et al., 2018). 
According to the literature (Barbenera- Fernandez et 
al., 2015), the gradual widening and unification of 
the 1176, 1086 and 920 cm-1 corresponds to the pres-
ence of C-S-H phases, where the wider bands could 
be attributed to overlapping of the Ca-poor gels with 
the amorphous silica. The band around 960 cm-1 
could be attributed to the Si-O asymmetric stretching 
vibration of the C-S-H phases. This was more evi-
dent in the examination of the mixture containing 
the hydro-alcoholic nanolime dispersion N/w+isp 

(Fig. 8b). 

a b 
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Fig. 8 FTIR spectra of montmorillonite enriched clay mixtures (1% wt), treated with different types of Ca(OH)2, 
at different curing periods 

3.6. Stabilization Effectiveness of Ca(OH)2 
treatments on the laboratory synthesized 
clay briquettes 

A previously mentioned in section 3.5, the three 
Ca(OH)2 treatments (NW, N/w+isp and LW) were 
applied drop to drop on the top face of the rectangu-
lar prismatic specimens with the use of a pipette for 
10 consecutive applications. On every rectangular 
prismatic specimen, the red number indicated the 
corresponding percentage of montmorillonite (1, 5 
and 15 % w/w) added during the preparation, along 
with a montmorillonite-free reference mixture indi-
cated by the letter R. At the end of the application 
procedure, all briquettes appeared a whitening effect, 
attributed to the poor penetration of the Ca(OH)2 
treatments. This was more evident in the case of the 
application of the saturated aqueous solution LW, 
since the applied solution did not penetrate and in-
stead, a film was formed on the surface of the bri-
quettes due to the precipitation of Ca(OH)2 particles. 

It should be noted however that the density of the 
laboratory briquettes was much higher than that of 
the archaeological mud-bricks. 

Upon the completion of the curing period, both 
treated and untreated briquettes were placed in con-
tact with water, in order to assess the consolidation 
and stabilization efficacy of Ca(OH)2 treatments. 
Upon wetting, all briquettes exhibited volume in-
crease and material loss (Fig. 9). The untreated refer-
ence briquettes (Fig. 9, left column) presented severe 
degradation. The untreated briquettes that were en-
riched with montmorillonite presented more exten-
sive degradation compared to the reference ones, 
without montmorillonite. The increase of montmoril-
lonite content has resulted in the increased intensity 
of the swelling phenomenon, leading to the presence 
of large cracks and the eventual collapse of the bri-
quettes (Fig. 9, framed final row). 

Concerning the comparative evaluation of the 
three Ca(OH)2 treatments, the application of the hy-

a 

c 

b 
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dro-alcoholic nanolime dispersion N/w+isp (Fig. 9, 
framed right column) seemed to reduce the swelling 
intensity and the degradation of the briquettes (Fig. 
10). This was also evident in case of the aqueous 
nanolime dispersion NW, but at a lower degree (Fig. 

9, 2nd column left). Finally, the application of the 
saturated aqueous solution LW did not affect the 
swelling capacity of the clay minerals (Fig. 9, 2nd 
column right), resulting a similar degradation effect 
with the untreated specimens. 

 

Fig. 9 Degradation patterns of treated and untreated briquettes, subjected to water absorption 

 

Fig. 10 Degradation patterns of laboratory prepared clay briquettes, enriched with montmorillonite (5 % wt). 

4. DISCUSSION 

The elaboration of the results of the mineralogical 
and chemical characterization of the mud-bricks 
from the prehistoric settlement of Thessaloniki 
Toumba, as well as their response to repeated 
wet/drying cycles underlined the degradation effect 
of montmorillonite that leads to the gradual collapse 
of their microstructure. Specifically, during the 
preservation study of the mud-bricks obtained from 
the archaeological site, the correlation of the delete-

rious action of water along with the presence of 
montmorillonite clay mineral was established, lead-
ing to the presence of the swelling phenomenon and 
to the consequent collapse (Table 6).  

The chemical characterization of the three treated 
clay-mixtures after a period of 2 months revealed the 
presence of the C-S-H phase (Fig. 8). According to 
the relevant literature (Elert et al., 2015; Maskell et 
al., 2014), the potential interactions between alkaline 
solutions and clay minerals might include: a) the 
implementation of the phenomenon of cation ex-
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change between the cations in the interlayer of the 
clay minerals and the cation of the alkaline solution 
(Gaucher and Blanc, 2007), b) the encapsulation of 
the clay minerals, c) the absorption of organic mole-
cules in the interlayer of the clay minerals (Tingle et 
al., 2003), d) the dissolution of the clay minerals and 
the transformation into pozzolanic (C-S-H) phases 
(Camerini et al., 2018; Elert et al., 2008; Karatasios et 
al., 2014) and e) the presence of flocculation phe-
nomena resulted from the application of high con-
centrated alkaline solutions, promoting the reduc-
tion of both osmotic and intracrystalline swelling of 
clay minerals (Karnland et al., 2007). The interpreta-
tion of the chemical results revealed that the in-situ 
interaction between the Ca(OH)2 and the montmoril-
lonite (clay) mineral was based on the dissolution of 
the alumino-silicates, the reaction between the Ca2+ 
and the SiO2 and the formation of new C-S-H phase 
(Fig. 8). This has been reported during the miner-
alogical examination of the ancient roman mortars. 
The enhanced durability of the ancient roman mor-
tars was attributed to the presence of the new C-S-H 
phase (Elert et al., 2015; Roy, 1999). The lack of detec-
tion of C-S-H phases in the XRD results (Fig. 7), 
along with the absence a homogeneous porous net-
work of crumpled foils (Camerini et al., 2018) in the 
morphological characterization of the mixtures (Fig. 
6) underlined the need of a longer period for the 
completion of the synthesis of the C-S-H phase.  

The preliminary evaluation of the consolidation 
efficacy of the two nanolime dispersions (NW and 

N/w+isp) applied on laboratory prepared briquettes 
verified the in-situ interaction between the Ca(OH)2 
nanoparticles and montmorillonite . Only the treated 
briquettes enriched with 1% wt and 5% wt of mont-
morillonite presented a reduction of the swelling 
phenomenon (Fig. 9 and 10), causing the reduction 
of volume changes and increasing the durability of 
mud- briquettes against water. The reduction of 
swelling capacity of montmorillonite was more evi-
dent in the case of hydro-alcoholic nanolime disper-
sion N/w+isp (Fig. 9 and 10). This was attributed to 
three factors: a) the partial replacement of water with 
2-propanol, leading to the reduction of the presence 
of water, which has been connected with the swell-
ing phenomenon, in respect with the aqueous nano-
lime dispersion (NW), b) the reduced size along with 
the increase content of the Ca(OH)2 nanoparticles, in 
respect with the aqueous saturated solution (LW) 
and c) the use of 2-propanol that promotes the in-
crease of the penetration ability of the nanolime dis-
persions. The final reduction of the swelling capacity 
of monmortillonite enriched briquettes after their 
treatment with nanolime (Ca(OH)2) dispersions, in-

dicated the potential of both hydro-alcoholic and 
aqueous nanolime dispersions as an effective alter-
native to traditional preservation and consolidation 
treatments (Elert et al., 2015; Lanzon et al., 2020; 
Stefanis et al., 2010). Finally, the appearance of the 
whitening effect was attributed to the poor penetra-
tion of Ca(OH)2 treatments, due to the compact mi-
crostructural and pore network characteristics of the 
clay briquettes (Michalopoulou et al., 2020; Otero et 
al., 2018).  

Overall, the study of different Ca(OH)2 disper-
sions as potential swelling inhibitors provided 
promising results that highlight their potential in the 
consolidation and stabilization of archaeological 
mud-bricks, both in laboratory and in-situ applica-
tion. 

5. CONCLUSIONS 

The preservation study of the mud-bricks collect-
ed during the excavation of the prehistoric settle-
ment of Thessaloniki Toumba revealed the correla-
tion between the deleterious act of water along with 
the presence of montmorillonite clay mineral (smec-
tite group), characterized by the appearance of the 
swelling phenomenon that leads to the eventual ma-
terial collapse.  

The comparative evaluation of three Ca(OH)2 
treatments belonging in two different categories: 
saturated solution of calcium hydroxide and differ-
ent types of laboratory synthesized nanophase lime 
dispersions, revealed their potential as swelling in-
hibitors. 

 The interaction between Ca(OH)2 and the 
alumino-silicate clay minerals revealed the 
formation of new C-S-H phases. 

 The use of hydro-alcoholic dispersion medium 
promoted the anti-swelling capacity of the 
Ca(OH)2 treatments, through the reduction of 
water. 

 The reduced size, increased specific surface 
area and increased content of the Ca(OH)2 na-
noparticles proved to promote the interaction 
between Ca(OH)2 and clay minerals. 

Ca(OH)2 nano-dispersions were more effective on 
the stabilization of montmorillonite enriched clay 
briquettes when subjected to the water absorption 
test. However, an optimum balance between water 
and 2-propanol should be considered at each case of 
application, in order to provide the necessary 
amount of water for the formation of C-S-H phases 
and at the same time diminish the contribution of 
water to the swelling phenomenon. 
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