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A B S T R A C T   

This study evaluates the combined use of innovative non-destructive methods and standard laboratory tech-
niques for assessing the surface effects of various consolidation treatments (i.e., bacterial biomineralization, 
alkaline activation, colloidal dispersions containing nanolime or nanosilica, and ethyl silicate as a standard) on 
earthen building materials. It demonstrates that novel portable equipment (i.e., portable digital microscope, air 
permeameter, and mobile surface (contact angle) analyzer) and advanced strategies for the application and data 
interpretation of conventional analytical and testing methods (i.e., scanning electron and confocal microscopy, 
Leeb hardness testing, and visible light spectrophotometry) can yield complementary and extremely valuable 
quantitative results for the evaluation of consolidation treatments on such complex substrates. Our multi- 
analytical approach allows a detailed characterization of surface and near-surface features of treated earthen 
mock-ups. It is possible to disclose significant differences in the film-forming propensity and in-depth distribu-
tions of consolidants and their effect on key properties such as surface roughness and appearance, permeability, 
water behavior, and mechanical properties. Even though, the substrate’s inhomogeneity and surface texture has 
proven to be especially challenging, this methodology offers a promising strategy for long-term in-situ monitoring 
of treatment performance and weathering behavior of built heritage materials.   

1. Introduction 

The complex interplay between chemical and physical weathering 
processes, both natural and anthropic in nature, represents a serious 
challenge for the conservation of outdoor-exposed built and sculptural 
heritage, leading to its degradation and sometimes complete loss [1–5]. 
Numerous conservation treatments have been developed to mitigate the 
effects of such degradation phenomena, often involving consolidation 
treatments. The general working principle of consolidation is to improve 
surface mechanical cohesion and ultimately reduce material loss. This 
objective is achieved by forming new cementing phases within the 
porous system capable of binding loose particles and providing an 
effective bridging between the weathered superficial material and the 
more stable substrate underneath. In some instances, a combined 
approach integrating a protective surface coating can be effectively 
pursued. Such coatings commonly induce changes in the surface 

mechanical properties, appearance, permeability, and wettability, 
involving several chemical and physical processes, thereby preventing, 
or at least limiting, the access of water into the porous substrate (i.e., 
water is a main driver for physico-chemical weathering and biodeteri-
oration). Some conservation materials can serve both purposes (surface 
protection and consolidation), as is the case of alkyl alkoxysilanes [6] 
and bacterial biomineralization [7]. A vast corpus of knowledge has 
been produced on the compatibility and performance assessment of 
consolidation and surface protection treatments for stone [8,9] and 
references therein]. Little, however, is known about the effects and 
performance of consolidants applied to earth-based substrates, materials 
of great relevance to the built heritage with important examples in 
monumental and vernacular architecture worldwide (e.g., the UNESCO 
heritage site of Chan Chan, a pre-Columbian city in Peru, the historic 
city Dejenné in Mali, the Fujian Tulou earthen houses in China, or the 
Alhambra fortress in Spain). 
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Consolidation can be considered an invasive treatment because of its 
inherently irreversible nature and the resulting impact on the physico- 
chemical properties of the substrate. Indeed, past inadequate consoli-
dation treatments have proven unsuccessful in reducing weathering, and 
occasionally even led to accelerated deterioration of earthen structures 
[10]. The additional challenges posed by the consolidation of earthen 
substrates when compared to other built heritage materials are linked to 
the often high content in clay minerals, which act as a binder for the 
coarser soil fractions but undergo constant volume changes upon 
moisture variation. This can have devastating effects, especially in the 
case of expansive clays such as smectites that might double their volume 
in contact with water, creating swelling pressure >100 N/mm2 [11]. 
Experimental evidence has shown that repeated volume changes can 
cause erosion and reduce the treatment effectiveness over time [12]. 
Clay swelling can also significantly influence consolidant penetration 
and ultimate treatment efficacy. 

Soil is a comparatively fragile building material and consolidation- 
related changes in surface properties have rarely been investigated in 
a comprehensive manner [13–15], even though they control, to a great 
extent, substrate durability [4]. The surface represents the interface 
between the material and its environment, and properties such as 
hardness, cohesion, roughness, permeability, and wettability control 
physico-chemical weathering processes, which, in most cases, progress 
from the surface inwards. An in-depth understanding of surface prop-
erties and their modification upon consolidation is thus of utmost 
importance. 

Here we investigate the performance of conventional (i.e., a com-
mercial ethyl silicate-based product is included as reference) and more 
recently developed consolidation methods based on colloidal disper-
sions containing silica or calcium hydroxide nanoparticles, alkaline 
activation and biomineralization for the conservation of earthen sub-
strates. Building on previous results from the field application of such 
treatments for the stabilization of a historic earthen wall at the 
Alhambra, Granada, Spain [7] that focused on changes affecting the 
bulk material, here we test an integrated characterization strategy to 
gain a deeper understanding of surface and sub-surface changes upon 
consolidation. Our research efforts aim at expanding current testing 
capacities as the evaluation of fragile and inhomogeneous earthen 
substrates has proven difficult (i.e., compositional and/or textural in-
homogeneity caused by clay- and lime-rich layers in lime-amended 
rammed earth walls, the presence of large mineral grains, and/or 
advanced deterioration including granular disintegration and scaling) 
[7,16]. The main objectives of this investigation are to i) validate the 
suitability of innovative non-destructive portable methods, some of 
which rarely applied in the field of built heritage conservation (i.e., air 
permeameter and mobile surface analyzer), with standard laboratory 
techniques and ii) advance the application and data interpretation of 
conventional techniques for the study of consolidation-related surface 
changes including the use of contact mechanics theory. The portable 
equipment has been selected based on its capacity to monitor mean-
ingful parameters for the direct assessment of the consolidation effect (e. 
g., surface hardness) or changes in surface properties with implications 
for treatment compatibility (e.g., permeability and hydric properties). 
The outcome of this investigation will not only contribute to a better 
understanding of surface properties of the earthen substrate and their 
modification by consolidants, but also provide an advanced strategy for 
the in situ weathering assessment and long-term monitoring of the 
treatment efficacy of building materials. In addition, practical implica-
tions for consolidant applications to earthen substrates useful to spe-
cialists working in the field are discussed and further research needs are 
outlined. 

2. Materials and methods 

2.1. Sample preparation 

Local soil from the Alhambra Formation outcrops (Granada, Spain) 
was used as the raw material for earthen mock-up fabrication. This soil 
has historically been used as a building material for rammed earth 
structures at the Alhambra and Granada’s medieval city walls [12]. 
Considering that the durability of earthen structures is largely controlled 
by the properties of the clay-rich matrix that acts as a cement for the 
coarser grains and pebbles, earthen mock-ups (4 cm cubes) were pre-
pared using the <1 mm fraction obtained by dry sieving. Note that in soil 
science the commonly considered upper limits for the clay, silt and sand 
fractions are 2 µm, 63 µm, and 2 mm, respectively. According to X-ray 
diffraction, the soil used in this study is composed of 50–60 wt% clay 
minerals, 35–40 wt% quartz, ~5 wt% feldspars and small amounts of 
calcite/dolomite (<5 wt%) as well as iron-oxyhydroxides (i.e., hematite 
and goethite, <5 wt%), the latter phases being responsible for the 
reddish-brownish color of the soil. The <2 µm fraction contains smectite 
and interstratified illite–smectite (expansive clay, 15±5 wt%), illite (45 
±5 wt%), paragonite (<5 wt%), kaolinite (30±5 wt%) and chlorite 
(<5 wt%), all being common clay minerals and typical soil constituents 
except for paragonite [7,17,18]. The organic matter content of this soil is 
1.1 wt% [17]. Mock-ups (12 per treatment) were manually prepared 
using wooden frames and a water/soil weight ratio of 0.2. Blocks were 
dried under laboratory conditions (20±5◦C, 40±5 % RH) for two 
months prior to consolidant application. Note that no attempt has been 
made to perform in-situ testing of earthen structures at this stage of our 
investigation as a previous study [7] has shown that 
consolidation-induced effects were often masked by important substrate 
inhomogeneity, which would have complicated the validation of the 
non-destructive (portable) techniques tested here. Thus, we opted for 
the use of more homogeneous earthen mock-ups that serve as a model 
and provide valuable information for real case scenarios, especially 
considering the comparative nature of this study. 

Several conventional and more recently developed consolidation 
treatments were selected based on current research trends, only 
considering inorganic consolidants in order to avoid compatibility issues 
and/or problems related to biodeterioration or photo-induced degra-
dation (Fig. 1). To date, the application of many of the selected con-
solidants (i.e., nanolime, nanosilica and biomineralization) has been 
limited to (mainly) calcareous stone substrates and little is known 
regarding their consolidation efficacy for earthen substrates. Ethyl sili-
cate was introduced in the 1970s and is the most common consolidant 
for earthen structures [19]. Once applied to the substrate, this con-
solidant undergoes hydrolysis and polycondensation to produce an 
amorphous silica gel. The chemical affinity of the silica gel allows for the 
formation of siloxane (Si-O-Si) bonds with silicate minerals in the sub-
strate and induces strong cementation [6]. Since its first introduction in 
2001, nanolimes (alcoholic dispersions of Ca(OH)2 nanoparticles that 
carbonate once in contact with ambient CO2) have found widespread 
application in heritage conservation [20], and have only recently been 
tested on earthen substrates [7,13,14]. Note that low-concentrated 
nanolime dispersions (~5 g/L) are recommended to obtain optimum 
penetration [21]. However, preliminary tests with diluted dispersions 
did not lead to improved penetration or reduced color change in the case 
of the earthen mock-ups of this study (see discussion). Therefore, the 
commercial product was applied as supplied by the manufacturer 
(25 g/L). The recently proposed alkaline activation relies on the partial 
dissolution of clays and other reactive aluminum-silicate phases at high 
pH (>12) and the subsequent formation of amorphous zeolitic pre-
cursors with cementing properties. It consists of repeated applications of 
a concentrated KOH solution and 1-month curing at high RH (80 %) to 
enable mineral dissolution and precipitation of cementing phases [22]. 
About a decade ago, nanosilica (an aqueous colloidal dispersion of silica 
nanoparticles, which forms silica gel upon drying) was proposed as a 
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stone consolidant [23], but has rarely been applied to earthen substrates 
[7,24,25]. The biomineralization treatment is based on the activation of 
indigenous carbonatogenic bacteria in the soil to produce a hybrid 
cementing material containing calcium carbonate and bacterial-derived 
exopolymeric substances (EPS, composed of polysaccharides, proteins, 
DNA, and RNA). This treatment involves repeated applications by spray 
of the water-based patented M-3 P nutritional solution , followed by 
curing at high RH to promote bacterial activity and generation of a 
hybrid cement [26]. The remaining consolidants were applied by brush 
(see Table 1 for consolidant properties and specific information on 
application and curing conditions). 

2.2. Analytical techniques and testing methods 

The distribution of the consolidant on the surface and sub-surface 
was studied using both surface fragments and 30 µm thick, polished, 
carbon-coated cross-sections of the treated earthen mock-ups. Elemental 
maps were obtained with a field emission scanning electron microscope 
(FESEM, AURIGA, Carl Zeiss, Germany) coupled with energy dispersive 
X-ray spectroscopy (EDS, INCA-200, Oxford Instruments, UK), working 
at 10− 6 Pa vacuum and 20 kV acceleration voltage for backscattered 
electron (BSE) imaging and microanalysis, and 3 kV for secondary 
electron (SE) imaging. Additional images and elemental maps were 
obtained using a Phenom XL scanning electron microscopy (Thermo 
Scientific, USA) coupled with EDS, working at 0.1 Pa vacuum and 15 kV 

acceleration voltage for backscattered electron imaging and elemental 
mapping. 

Surface documentation and monitoring of treatment-induced 
changes were conducted by combining preliminary observations with 
a portable digital microscope and in-depth investigation using 3D mi-
croscopy. Digital microscopy was carried out by a Dino-Lite Premiere 
digital microscope (Dunwell Tech. Inc., US), with a 5MP resolution, 
coupled with an external LED diffused white light illuminator to 
enhance the surface topographical features and allow for consistent 
lighting conditions. An X-rite color checker was employed for white 
balancing. A VHX-6000 digital 3D microscope (Keyence Corp., Japan) in 
visible reflected light mode was employed for complementary obser-
vations and to determine the indentation areas and depths after surface 
hardness testing (see Supplementary Data for additional information 
and Fig. S1). 

The colorimetric characterization of the substrates was carried out 
with a CM-600D VIS-light spectrophotometer (Konica Minolta, Japan) in 
the 400–700 nm spectral range, equipped with an 8 mm aperture and a 
D65 illuminant at 8◦. Both SCI/SCE conditions (Specular Component 
Included/Excluded) were recorded. The complete spectral information 
was collected, and data were elaborated according to the CIE L*a*b* 
standard color space [27]. The average values of eighteen measurements 
per specimen were used to calculate the total color difference ΔE* (ΔE* 
= [(Lt*–LCON*)2 + (at*–aCON*)2 + (bt*–bCON*)2]1/2) between the un-
treated (CON) and consolidated (t) substrates. 

The surface roughness of untreated and consolidated earthen mock- 
ups was measured using a confocal microscope (Leica VDM2000, Leica 
Microsystems, Germany). Leica Application Suite v.3.8.0 and Leica 
Maps Start v.6 software was used for image processing and data analysis, 
obtaining 11.3×15.3 mm 3D surface maps as well as roughness pa-
rameters including: Sa (arithmetic mean height deviation), Sz (average 
peak to valley height), the Ssk (skewness, asymmetry of the shape of the 
area with respect to its mean), and Sku (kurtosis, describing the sharp-
ness distribution, a value of 3 being a normal distribution) [28]. Re-
ported average values are based on at least 5 surface maps 3×4 mm in 
size per specimen. 

Air permeability measurements were performed using a portable 
hand-held TinyPerm3 air permeameter (New England Research, Inc., 
US), which was originally designed for rock characterization [29] and, 
so far, has found very limited application in the field of heritage con-
servation [30–32]. The system is based on the pulse-decay method. 
Vacuum conditions at the substrate/air interface are created by a single 
piston stroke that draws air from the substrate. The instrument records 
the volume of withdrawn air and the transient vacuum pulse, converting 
the resulting data into a permeability value expressed in Darcy [D]. At 
least 9 measurements were conducted on untreated and consolidated 
substrates and an unpaired T-test was used for statistical data analysis. 

The total pore volume and pore size distribution of the 5 mm thick 
outermost surface layer of earthen mock-ups before and after consoli-
dation were determined with mercury intrusion porosimetry (MIP) 
using an Autopore III 9410 porosimeter (Micromeritics, Norcross, US), 
which measures pores with 0.003–360 μm diameter. Prior to analysis, 

Fig. 1. Photographic image of the earthen mock-ups before (control, CON) and after the application of the consolidation treatments.  

Table 1 
Consolidation treatment application and curing in the laboratory.  

Consolidant Label Applic. 
method 

Total 
consol. 
amount 
(L/m2) 

Curing 
cond. 
T (◦C), 
RH (%) 

Curing 
period 
(days) 

Ethyl silicate* ES Brush  1.5 20±5, 50 
±5  

28 

Nanolime** NL Brush  0.15 25±5, 80 
±5  

28 

Alkaline Activation 
*** 

KOH Brush  0.7 25±5, 80 
±5  

28 

Nanosilica**** NS Brush  0.2 25±5, 80 
±5  

28 

Biomineralization 
***** 

BAC Spray  1.2 25±5, 80 
±5  

14  

* Estel 1000 in white spirit D40, used as is, solid content: min. 35 wt% (C.T.S., 
Spain). 

** Calosil E25, 25 g/L in ethanol, used as is, ~150 nm particle size (IBZ-Sal-
zchemie GmbH&Co.KG, Germany). 

*** aqueous 2 M KOH solution 
**** Nano Estel, solid content: 30 wt%, colloidal silica dispersed in water, used 

as is, 10–20 nm particle size (C.T.S., Spain). 
***** Patented nutritional solution M-3 P containing 1 % [wt./vol.] Bacto™ 

Casitone (a pancreatic digest of casein), 1 % [wt./vol.] Ca(CH3-COO)2⋅4 H2O 
(total calcium: 43.44 mM), 0.2 % [wt./vol.] K2CO3⋅1/2 H2O (total potassium: 
35.6 mM; total carbonate: 17.8 mM), and 10 mM phosphate buffer in distilled 
water (pH = 8). 
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samples (~1.5 g) were dried in an oven with forced ventilation for 48 h 
at 60 ◦C until constant weight was reached. Analyses were performed in 
duplicate. 

Surface hardness (HLC) measurements were conducted under 
controlled T- and RH- conditions (20 ◦C, 40 % RH) following the dy-
namic rebound testing method according to Leeb [33–35], using an 
Equotip 550 device (Proceq, Switzerland) with a C-type probe and 3 
Nmm impact energy. This method was originally developed for testing 
metal surfaces [33,34] and recently adapted for rock characterization 
[36] and weathering studies of heritage materials [37]. Measurements 
were randomly distributed across the untreated and consolidated sub-
strates following the Single Impact Method [38]. As the sampling size 
plays a critical role for a reliable interpretation of the collected data 
[37], at least 70 rebound values were recorded for each substrate and an 
unpaired T-test was used for statistical data analysis. 

To gather further information on the mechanical properties of the 
indented surfaces (before and after consolidation) we analyzed the ge-
ometry (diameter, projected area, and depth, determined using 3D mi-
croscopy, see Supplementary Data) of the indentation marks left on the 
substrates after surface hardness measurements using contact mechanics 
theory [39]. With some limitations (see below), this analysis enables 
determining the reduced modulus Er and indentation hardness H in an 
analogous way as it is determined using instrumented micro- and 
nanoindentation [40]. Considering the mass m of the spherical indenter 
(3.1 g) and the impact (kinetic) energy, Ek (0.003 J), an impact velocity 
v of 1.394 m/s is calculated using Ek=0.5 mv2. This yields a peak force or 
maximum indenter load P of 6 N, for a contact length of 1 mm 
(consistent with the impact energy of the indenter). Er for the spherical 
indenter was calculated using the Hertz contact model [39,41], which 
gives the following relationship between Er, the applied load P, the 
indenter radius R, and the resulting indentation depth h: 

Er =
4P

3
̅̅̅̅
R

√
h

3
2

(1) 

It should be noted that Hertz’s analysis was developed for an elastic 
response [41]. However, this analysis is a good approximation for both 
the static and dynamic interactions of hard indenters with a range of 
materials showing elasto-plastic behavior and displaying yield stress 
[42]. Because earthen materials display an elasto-plastic behavior 
[43–45], we calculated the effective radius Re to be used in Eq. (1) by 
measuring the radius r of the projected surface area of the indentation 
mark (see above), and its depth hc, using the following equation [46]: 

Re =
r2 + h2

c
2hc

(2) 

The reduced modulus depends on the Young’s modulus and Poisson 
ratio of the indented material (E and ν) and the indenter (Ei and νi) as 
given by: 

1
Er

=
(1 − ν2)

E
+
(1 − ν2

i )

Ei
(3) 

As the modulus and Poisson ratio of the indenter are known 
(Ei=696 GPa, νi=0.21), Eq. (3) enables determining E for indented 
materials with known Poisson ratio. In our case, however, the exact 
Poisson ratio of porous polymineralic mock-ups is unknown. Therefore, 
we considered the often reported 0.22±0.01 Poisson ratio for earthen 
materials [43,45]. Note, however, that measured hc values (3D micro-
scopy analysis, see Supplementary Data) do not correspond to the 
maximum h value reached at peak force, but rather to the permanent 
plastic deformation resulting from the indenter impact. Although we 
used an effective value of Re to account for plastic deformation, this 
means that the calculated E values are probably overestimated. This is 
not necessarily a shortcoming of this approach as we strive to disclose 
the relative variations in E induced by the different treatments. 

H values were determined using the following equation (for a 

spherical indenter) [39,40]: 

H =
P
A

(4) 

where A is the projected area of the hemispheric indentation mark. 
Note that it has been shown that the lateral deformation of the indented 
body during the unloading stage is negligible (i.e., the projected area of 
the indenter impression after unloading corresponds to the projected 
area at maximum load) [40]. Unlike the case of the approach used to 
estimate E, the determination of H is not subjected to any ambiguity, and 
errors associated with this measurement are only associated with the 
measurement of the indentation area A. 

Surface cohesion of earthen mock-ups was evaluated using the 
peeling or “Scotch tape” test [47], which compares the mass (g) per unit 
area of removed material from the untreated and consolidated surface 
by a sticky tape. For testing, 3×3.8 cm adhesive tape stripes were 
applied by gently pressing them against the surface with the thumb. 
Reported values (normalized to g/m2) are based on four tests per sam-
ple. An unpaired T-test was used for statistical data analysis. 

Surface wettability properties were assessed by measuring water 
contact angle and micro drop absorption times of untreated and 
consolidated substrates. A mobile surface analyzer (MSA, Krüss GmbH, 
Germany), was used to dose 4 μL drops of distilled water onto the sur-
faces. This instrument was designed for different technical applications, 
including the quality control of metals, textiles, polymers, and glass 
coatings [48,49], and to the best of our knowledge, its application to 
built heritage research has not been systematically reported so far. In 
addition to its portability, this instrument provides flexible measuring 
conditions, allowing for the analysis of both horizontal and vertical 
surfaces. At least 3 repeated measurements were acquired with hori-
zontal orientation. Average absorption times and contact angle values 
were calculated from video recordings acquired at 10 fps. An unpaired 
T-test was used for statistical data analysis. 

3. Results 

3.1. FESEM analysis of surface fragments and cross-sections 

Alkaline activation (KOH) has a limited effect on the mock-upś sur-
face features and only scarce formation of a gel-like phase is detected 
(probably an amorphous zeolite precursor with cementing capability 
[22]), partially covering the soil particles (Fig. 2a). These findings are in 
line with previous X-ray diffraction results [7], which only showed 
negligible changes in the overall mineralogical composition of rammed 
earth after alkaline activation, supporting the assumption regarding the 
amorphous character of the newly formed phases. FESEM-EDS 
elemental mapping of cross sections of the earthen mock-up treated 
with alkaline activation suggests the presence of potassium-rich phases 
in direct contact with poorly crystalline aluminosilicates. According to 
FESEM-EDS (Fig. 2b, EDS in inset), these phases have a chemical 
composition close to that of zeolite K-I and K-F (KAlSiO4⋅2 H2O and 
KAlSiO4⋅1.5 H2O, respectively). These types of zeolites have been pre-
viously synthesized using 1.8–4.0 M KOH solutions and various clay 
minerals [50]. Detected potassium-rich phases could thus correspond to 
zeolitic precursor, formed as a result of consolidant-substrate in-
teractions upon alkaline activation, which, however, did not lead to 
increased mechanical strength even though an improvement in water 
resistance was obtained according to previous results [7]. 

Bacterially treated mock-ups (BAC) show minimal changes in surface 
texture. However, the presence of a limited amount of EPS, which is 
unevenly distributed, spreading over soil particles and partially bridging 
the interparticle space (Fig. 2c, solid white arrows), as well as calcified 
bacteria cells (Fig. 2d, inset, solid white arrows) provides clear evidence 
for successful bacterial activation. Indeed, previous culturable bacteria 
count revealed an almost 4 orders of magnitude increase from 6.59 ±
1.20 × 103 colony forming unit (CFU)/g before treatment to 2.10 ± 0.04 
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× 107 CFU/g after treatment [7]. Despite the increased bacterial activ-
ity, the cross-section only shows a very limited amount of bacterial 
calcium carbonate cement, unevenly distributed within the porous 
substrate (Fig. 2d). Previous thermogravimetric analyses are consistent 
with these findings, revealing a relatively small increase in calcium 
carbonate (~6 wt%) and organics content (0.5 wt% corresponding to 
bacterial EPS and cells/debris), being consistent with a relatively limited 
improvement in mechanical strength and water resistance [7]. 

Silica gel development following ethyl silicate (ES) application 
generally results in little modification of the original textural surface 
features as most of it is absorbed by the porous substrate. However, 
typical cracking associated with shrinkage of the gel during solvent 
evaporation and polycondensation is detected where local consolidant 
accumulation occurred in valleys between mineral grains (Fig. 2e). The 
cracks are caused by the extremely large capillary forces generated in 
very small pores (3–10 nm) upon drying of the amorphous gel [51]. 
FESEM-EDS elemental maps do not provide clear evidence for the 
presence of the ethyl silicate coating or massive pore filling, but BSE 
imaging of the cross-section enables the identification of a few hundred 
nanometers thick consolidant film covering some of the mineral grains 
(Fig. 2f, inset, solid white arrows). 

The colloidal nanosilica (NS) dispersion forms a relatively thick 
(~60 µm) compact film that homogeneously covers surface valleys and 
peaks and displays a network of micro-cracks (Fig. 2g and Fig. S2b, 
Supplementary Data). The original surface textural features of the sub-
strate can only be observed where the silica gel layer is missing or has a 
discontinuous distribution. High-resolution FESEM observations show 
that the consolidant layer is made up of silica nanoparticles (10–20 nm 
in size, according to the manufacturer) and has nanosize pores in the gel 
surface (Fig. 2g, inset). Newly formed amorphous silica gel can be 
differentiated by EDS analysis within the porous substrate from quartz 
grains by its darker shade of green (false color corresponding to Si in 
Fig. 2h, solid white arrows), detected up to 150 µm in depth. Such 
limited penetration is in line with the results of previous studies, 
showing a penetration depth of ≤1 mm in fairly porous ignimbrite and 
lime mortar [52,53]. 

The original surface texture of nanolime-treated mock-ups is con-
cealed to a great extent due to an almost continuous surface layer of 
densely-packed nanometric (i.e., ~150 nm in size) calcite crystals 
(Fig. 2i). Calcite formed upon carbonation of the original portlandite (Ca 
(OH)2) nanoparticles following an interface-coupled dissolution-pre-
cipitation process [54]. The film varies in thickness, reaching up to 
~25 µm in valleys but only a few micrometers on peaks. BSE imaging of 
a cross-section allows the differentiation of several nanolime application 
layers (Fig. 2j, dashed white arrow; Fig. S2a, Supplementary Data). 
Indeed, the formation of a whitish veil was visually detected right after 
the application and limited further consolidant uptake. These observa-
tions suggest that, in this case, back migration was not responsible for 
the relatively thick surface coating as it has been reported for other 
substrates, such as nanolime-treated sandstone [55]. In addition, scarce 
patches of nanolime are detected in subsurface zones, which are limited 
to a very thin surface layer <100 µm in thickness. Poor penetration and 
the formation of a surface layer have been previously reported by 
Michalopoulou et al. [56] in the case of clay-rich mudbricks treated with 
alcoholic nanolime dispersions and reported penetration depth hardly 
ever exceeds a few millimeters in materials with small mean pore size 
[57–59]. 

3.2. Portable digital microscopy and spectrophotometric measurement 

Considering the generally accepted limit of detection of color 
changes by the human eye (ΔE*>3) and threshold for the aesthetic 
compatibility of conservation treatments (ΔE*<5) [60,61], KOH and 
BAC treatments can be considered fully compatible under the aesthetic 
point of view. Compared to the untreated sample (Fig. 3a), total color 
change values are, in both cases, lower than 2 units and the overall 
spectral data confirm the absence of any significant alteration of the 
reflectance patterns upon treatment (Fig. 3b and c). Digital microscopy 
images show that the original surface texture and topographical features 
(Fig. 3b and c, insets and Fig. S3) are largely preserved as well, and the 
somewhat increased surface roughness (see Section 3.3.) resulted in only 
a minor increase in luminosity. 

The intense color change associated with ES application is mostly 
due to variation in lightness, a well-known drawback of this type of 
treatment [6,7], although the spectral features are mostly preserved. 
The overall shift of the reflectance curve toward lower values and the 
reduced saturation of the b* coordinate are indicative of a darker sub-
strate with a colder hue (Fig. 3d). Microscopy images reveal no impor-
tant changes in surface appearance of the substrate (Fig. 3d, inset), even 
though a reduction in reflectance is caused by the filling of pores with 
the silica gel consolidant, which has a higher refractive index (1.38 and 
1.30 for silica gel with 25 % and 40 % porosity, respectively) as 
compared to air (1.00) [62]. 

A highly cracked glass-like superficial layer is observed after NS 
consolidation, clearly altering the overall appearance of the treated 
substrate (Fig. 3e, inset). The main effect of the NS application is an 
increase in surface gloss, as indicated by the higher ΔE* value detected 
when the specular reflection component (SCI) is factored in, 2.3 units, 
instead of 1.7 when only SCE values are considered. A significant dif-
ference between SCI and SCE values is only detected in the case of NS, as 
this consolidant creates a relatively smooth coating with surface features 
smaller in size than the wavelength of visible light, thus promoting 
specular reflection. In the case of the remaining samples with more 
pronounced surface roughness, the diffusely scattered light component 
controls surface appearance and SCI and SCE values are almost identical 
[63]. In any case, the total color change can still be considered accept-
able according to the compatibility threshold, but the negative values 
registered as a result of the treatment-induced changes along the a* and 
b* color coordinates and a flattened spectral curve are indicative of 
reduced color saturation of the NS-treated substrate. 

The NL application induces the most visible changes in surface fea-
tures and color (Fig. 3f, inset). The surface accumulation of the con-
solidant results in a white layer, unevenly covering the substrate. Lanzón 
et al. [58] presented microscopic images of a nanolime-treated adobe 
surface with a very similar appearance. The resulting color change 
observed in this study significantly exceeds the compatibility threshold, 
being caused by a dramatic increase of the lightness value and the 
desaturation of the originally reddish substrate, as indicated by the 
negative shift of both color coordinates upon treatment. 

3.3. Confocal and 3D microscopy for the evaluation of surface roughness 

Compared with the untreated sample (Fig. 4a), roughness parame-
ters of mock-ups treated with KOH (Fig. 4b) and BAC (Fig. 4c) show 
limited changes due to material loss induced by the application of these 

Fig. 2. FESEM secondary electron images of surface fragments (left panels) and elemental maps of cross-sections (right panels, the treated surface always being 
aligned along the top of the image) of earthen mock-ups treated with: a) and b) KOH, showing the formation of a gel-like phase, probably an amorphous zeolitic 
precursor (EDS analysis in inset); c) and d) BAC, showing EPS bridging mineral grains (white arrow) and scarce formation of cement containing calcified bacteria 
cells (BSE image in inset, white arrows); e) and f) ES, showing consolidant accumulation with crack formation and a few hundred nanometer-thick silica-gel coating 
on mineral grains at high magnification (BSE image in inset, white arrows); g) and h) NS, showing a ~60 µm thick surface layer with crack formation and some pore 
filling (white arrows) and detail of the consolidant layer formed by silica nanoparticles in inset; and i) and j) NL, showing the formation of an almost continuous 
~20 µm thick calcite surface coating (different application layers can be distinguished, dashed white arrow) and scarce pore filling up to ~100 µm depth (solid 
white arrows). 
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Fig. 3. Reflectance spectra obtained from VIS-light spectrophotometric measurements (all spectra acquired under SCI condition) of reference specimens (dashed 
black line) and after treatment (solid lines). a) untreated (CON), b) alkaline activation (KOH), c) biomineralization (BAC), d) ethyl silicate (ES), e) nanosilica (NS), 
and f) nanolime (NL). Insets show the corresponding CIEL*a*b* color parameters and surface features documentation obtained via portable digital microscopy. 
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water-based consolidants. However, the mechanical impact of the brush 
during the application of the aqueous KOH solution mainly affected the 
larger and more loosely attached surface grains, and the resulting 
leveling effect is reflected in a small decrease in Sa and Sz (Table 2). In 
the case of the BAC treatment, in contrast, surface roughening is 
observed. The spray application of the aqueous nutritive solution has an 
erosive effect on the soil matrix. Washing off the fine fraction increases 
the valley depth, as confirmed by the slightly higher Sz and Sa values as 
compared to the reference surface (Table 2). ES (Fig. 4d) does not pro-
voke any material loss upon application and is mostly absorbed by the 
porous substrate. However, the previously mentioned patchy accumu-
lations in valleys have a smoothing effect and result in a decrease in Sa 
and Sz as compared to the untreated surface (Table 2). In the case of NS 
(Fig. 4e) and NL (Fig. 4f), material loss upon application was negligible. 
The former forms a continuous film covering valleys and peaks, having a 
leveling effect which leads to a 15 % decrease in Sa but does not cause an 
important reduction in the Sz value. In the case of NS, the average peak- 
to-valley height (Sz) remained basically unchanged due to substantial 
crack formation in the silica gel film, which creates additional relatively 
deep valleys as evidenced by FESEM (Fig. 2g). NL (Fig. 4f) is most 
effective in decreasing surface roughness (25 % reduction) as it accu-
mulates in valleys but leaves higher peaks largely uncovered, resulting 
in the lowest Sa and Sz values among all earthen mock-ups (Table 2). 

All treatments lead to a decrease in the Ssk value (Table 2), which is, 
however, insignificant in the case of the ES-consolidated blocks. The Ssk 
value informs on the symmetry of the height distribution; negative 
values suggest an increase in asymmetry due to the predominance of 
deep valleys [64]. In this respect, the mechanical impact of the brush 
(KOH) and water spraying (BAC), as well as crack formation in the case 
of NS have to be considered. The former leads to a reduction in peak 
height/number of peaks (Table 2), while the latter two result in deeper 
valleys, either due to erosion by water spraying or caused by an 
increased number of deep valleys due to crack formation in the con-
solidant layer [65] (Fig. 2g and h, and Fig. S2a and b, Supplementary 
Data). Sku describes the distribution sharpness, higher values (Sku>3) 
being associated with steeper peaks and valleys as opposed to more 
rounded features leading to lower Sku values (Sku<3) [66]. All treat-
ments caused an increase in the Sku values closer to a Gaussian distri-
bution (Sku=3). Only the mock-up consolidated with NS reached a 
slightly positive Sku value, likely due to the aforementioned presence of 
disproportionately deep valleys caused by the extensive formation of 
cracks with a depth of ~50 µm (Figs. 2e and 4e). 

3.4. Porosity, density and air permeability 

Mercury intrusion curves reveal no important changes in the overall 
pore size distribution upon consolidation, all samples showing an 
unimodal distribution with a maximum at 2.2–2.4 μm pore diameter. 
However, samples treated with KOH have a slightly larger volume of 
pores ≤1 µm (Fig. 5a), which could be related to flocculation (i.e., 
decrease in clay particle repulsion in the presence of an electrolyte) 
induced by the concentrated KOH solution, resulting in the formation of 
additional pores [12]. A significant reduction in porosity is only 

Fig. 4. Microscopy images acquired via portable digital microscopy (left col-
umn) and 3D surface maps via confocal microscopy (right column) of earthen 
mock-ups. a) Untreated (CON), b) treated with KOH and c) BAC, d) consoli-
dated with ES, e) NS, and f) NL. 

Table 2 
Measured surface roughness parameters (including standard deviations) of un-
treated (CON) and treated earthen mock-ups.  

Parameter CON KOH BAC ES NS NL 

Sa (µm) 58.0 
±1.4 

55.6 
±4.6 

60.4 
±4.7 

48.1 
±2.0 

49.9 
±1.1 

43.5 
±2.4 

Sz (µm) 419 
±17 

388±34 428±36 347±32 395±21 333±22 

Ssk (-) 0.04 
±0.05 

-0.22 
±0.24 

-0.36 
±0.10 

-0.06 
±0.11 

-0.35 
±0.15 

-0.17 
±0.09 

Sku (-) 2.59 
±0.15 

2.84 
±0.19 

2.99 
±0.19 

2.75 
±0.16 

3.16 
±0.16 

2.81 
±0.21  
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observed in samples treated with ES (Table 3), mainly caused by the 
filling of capillary pores with a diameter ≤1 µm, which decreased by 
27 % as compared to the untreated control (Fig. 5b). Aqueous KOH and 
nutritional M-3 P solutions generally show adequate penetration 
(>2 cm), but do not significantly alter substrate porosity [22,67]. The 
film forming treatments (colloidal NS and NL dispersions) result in a 
very limited porosity decrease of 4–5 % as they only penetrated the 
outermost surface layer according to FESEM observations (Fig. 2g and j, 
Fig. S2a and b, Supplementary Data) and previous drilling resistance 
(DR) results [7], thus having little effect on the porosity of the bulk 
material. Apparent and skeletal density values based on MIP measure-
ments (Table 3) generally show little variations, the latter being 
coherent with skeletal density values reported for common soil minerals 
including clays (2.40–2.80 g cm− 3), quartz (2.62 g cm− 3), feldspars 
(~2.70 g cm− 3), and carbonates (2.70–2.85 g cm− 3). The apparent 
density of ES-treated samples is slightly higher due to the partial filling 
of pores with silica gel as evidenced by the reduction in porosity, which 
affected the entire cube. Indeed, DR measurements prove the excep-
tional penetration capability of ES with a drilling resistance increase 
along the entire 2 cm drilling profile [7]. 

Increased air permeability values are detected after the water-based 
KOH and BAC treatments (Fig. 5b), which in the case of the former 
treatment is likely related to the increased volume of pores with ≤1 µm 
diameter, detected with MIP (Fig. 5a). In the case of BAC treated sam-
ples, the large data spread suggests important material inhomogeneity 
that precludes a definitive interpretation of the air permeability data. ES 
and the film-forming treatments (NS and NL), conversely, show reduced 
values. The most intense reduction effect (i.e., 50 % reduction consid-
ering the mean value) is caused by the NS treatment, which is consistent 
with the formation of a superficial, and less air-permeable, silica gel 
layer (Fig. 2f, Fig. S2b). Remarkably, substantial crack formation did not 
cancel out such sealing effect, likely due to the observed crack 
narrowness. A significant reduction in air permeability due to the seal-
ing of surface pores, as observed here for the case of the NS treatment, is 

problematic since it may foster further damage to the substrate through 
the creation of an impervious barrier [8]. Previously reported water 
vapor transmission rate (WVTR) data [7] using 5 mm thick surface slabs 
(Table 3) revealed a clear reduction of 35 % only in the case of 
ES-treated samples, while this testing method was not able to detect 
superficial pore sealing in NS-treated samples [7]. This finding shows 
that WVTR testing provides valuable indications regarding the overall 
permeability of the bulk material, but, in contrast to air permeability 
measurements, might not be able to detect changes only affecting very 
thin surface layers. 

3.5. Surface cohesion and hardness 

Peeling test results (Fig. 6a) revealed an improvement in surface 
cohesion in the case of NL, NS, and especially ES, while BAC and, in 
particular, KOH, led to reduced values. These findings confirm FESEM 
observations (Fig. 2b and c) showing very limited formation of 
cementing phases within the surface layer of the treated earthen mock- 
ups for the latter treatments, which explains the lack of improvement in 
surface cohesion. Apparently, the water-based treatments reduced sur-
face cohesion and mineral grains could easily be removed by the ad-
hesive tape. In this respect, flocculation of particles constituting the clay 
matrix has to be considered as a possible cause for the observed loss of 
cementation of such grains. Extensive cementation in the case of the ES- 
consolidated samples, in contrast, improves surface cohesion as indi-
cated by a 90 % reduction in material loss. Film-forming treatments 
(colloidal NS and NL dispersions) are also quite effective in improving 
cohesion, resulting in a 50–60 % reduction in material loss, findings 
which are in line with data reported by Lanzón et al. [58] and 
Garcia-Vera et al. [13] who detected a reduction in material loss of 
60–94 % in the case of nanolime/ethyl silicate-treated adobe and 
clay-rich plaster. 

Leeb surface hardness (HLC) results are generally characterized by 
remarkable data dispersion, despite the high number of repeated mea-
surements acquired for each condition (Table 4 and Fig. 6b). Nonethe-
less, the method can discriminate between the surface effects induced by 
the different consolidation strategies. Changes in Leeb surface hardness 
resulting from BAC and NL consolidation are very small, whereas a 
limited strengthening effect is detected after KOH and NS application. In 
the latter case, the relative increase in the average HLC value as 
compared with the reference (CON) can be explained considering that 
NS forms a silica gel surface film that underwent, however, massive 
cracking upon indentation, as shown by the surface profile obtained via 
3D microscopy (Fig. 7). Cracking is associated with the fragile-elastic 
behavior of silica gel (see below) that limits (permanent) plastic defor-
mation, resulting in a less marked reduction in kinetic energy during the 
rebound phase and an increase (yet limited) in rebound speed. ES, in 

Fig. 5. Cumulative pore volume curves (a) and boxplot summarizing air permeability (b) of untreated (CON) and consolidated earthen mock-ups (Each box extends 
from 25th to 75th percentiles, whiskers indicate lower/higher absolute values, central line and cross indicate median and average values, respectively. Empty circles 
indicate outliers). 

Table 3 
Total porosity φ (%), apparent density ρa (g cm− 3) skeletal density ρe (g cm− 3) 
and water vapor transmission rate WVTR (g m− 2 day) of untreated (CON) and 
consolidated earthen mock-ups, standard deviation being included [7].  

Parameter CON KOH BAC ES NS NL 

φ 26.6 ±
0.6 

26.9 ±
0.7 

24.8 ±
0.7 

20.7 ±
0.8 

25.4 ±
0.7 

25.6 ±
0.7 

ρa 1.84 ±
0.02 

1.86 ±
0.03 

1.87 ±
0.03 

1.98 ±
0.04 

1.86 ±
0.02 

1.91 ±
0.02 

ρe 2.49 ±
0.05 

2.55 ±
0.01 

2.49 ±
0.02 

2.51 ±
0.03 

2.50 ±
0.02 

2.56 ±
0.03 

WVTR 177.1 ±
9.3 

157.6 ±
14.2 

161.7 ±
3.1 

116.7 ±
0.8 

192.1 ±
3.3 

173.6 ±
5.6  
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contrast, marks a clear improvement in surface hardness as compared to 
the reference substrate, leading to a 45 % increase in the average HLC 
value. Importantly, previous drilling resistance measurements showed 
similar trends [7], indicating a substantial increase in drilling resistance 
in ethyl silicate-consolidated samples especially over the first 6.5 mm (i. 
e., from 0.9 ± 0.4 N in the untreated sample to 12.2 ± 2.6 N in the 
ES-treated sample) and a smaller increase (i.e., up to 2.7 ± 0.4 N) 
restricted to the first 0.6 mm in the case of NS-treated samples [7]. The 
remaining samples did not experience any important increase in drilling 
resistance, considering the relatively high data spread. Bearing in mind 
that rebound hardness is mainly influenced by elastic properties, while 
drilling resistance is controlled by the material’s ability to withstand 
abrasion, it can be concluded that ES is the only consolidant that im-
proves both. Indeed, the remaining earthen mock-ups show substantial 
plastic deformation upon rebound testing (Fig. 7). 

3D microscopy and surface roughness analysis (Fig. 7) show some 
morphological differences of the indentation marks among the tested 
samples, with marked piling up in the control, as well as BAC and KOH 
treatments, a less marked piling up in the case of ES and NL, and near 
absence of piling up in the case of the NS treatment. Apparently, the 
latter treatment suffered limited plastic deformation. Moreover, as 
indicated above, pervasive cracking (i.e., higher crack density in 
indentation marks than in the surrounding areas), indicative of brittle 
fracturing, was observed in the case of the NS treatment, where the 
limited plastic deformation led to a higher rebound speed and, conse-
quently, higher HLC values than those of the control. 

Table 4 shows E and H values for the control and treated earthen 
specimens. It is important to underline that despite the shortcomings of 
the approach (see Materials and Methods), obtained E values for earthen 
mock-ups are in very good agreement with E values reported for 

unreinforced/unstabilized rammed earth and adobe bricks/masonry, 
which typically range between 50 and 1100 MPa [43–45,68], although 
a few higher values of up to 4200 MPa have been reported [69], which 
do not seem to be representative. In addition, a linear correlation be-
tween HLC values and E values is determined here (Fig. 8a), with a 
correlation coefficient very similar to that observed for the correlation of 
HLC and compressive strength (uniaxial compressive strength (UCS) 
data from Elert et al. [7]) of the tested samples (Fig. 8b, Table 4). There 
are, however, two aspects that need to be clarified: (i) HCL values (as 
well as modulus and surface hardness values calculated from indenta-
tion) correspond to the surface layer of the samples whereas UCS is a 
bulk property. Although the KOH and BAC treatments improved UCS to 
a minor degree, only the ES treatment had a statistically significant 
impact on UCS and HCL, being the consolidant that affected the strength 
of the entire bulk material and causing the formation of a hard surface 
crust [7]. The UCS values of the other treated samples do not show a 
consistent correlation with HCL values; and (ii) the limited number of 
data points and their skewness cast some doubts on the reliability of the 
correlation coefficients determined here. Therefore, the correlations 
presented in Fig. 8 can only be considered in qualitative terms (i.e., they 
show tendencies, but not absolute values). Despite these limitations, our 
results suggest that the used approach to calculate mechanical param-
eters of earthen materials is valid, as a positive linear (or exponential) 
correlation for E vs. HLC and HLC vs. UCS has been reported for a range 
of natural rocks and building materials [36,37,70]. H values also show a 
linear correlation with HLC values (with the limitations indicated 
above) (Fig. 8d). Interestingly, both NL and BAC treatments induce a 
higher H increase than expected from the HLC measurements, under-
lining that these two parameters do not measure the exact same me-
chanical properties. Apparently, the two treatments resulted in a relative 
increase in surface hardness without a parallel increase in the substrate 
elastic behavior. Conversely, the KOH treatment and, in particular, the 
NS treatment yield lower H values than expected considering their 
relatively high HLC values. In the first case, the limited surface cohesion 
(reflected by the high mass loss during the peeling test) might explain 
this effect. However, in the case of the NS treatment, this inconsistency 
seems to be related to the formation of a silica gel surface layer, of 
relatively low hardness. Measured H values are orders of magnitude 
below those reported for common construction materials such as mor-
tars or stones [71], and there is no possibility to compare them with 
earthen materials, because to our knowledge no H values for the latter 
materials have been reported. Still, we observed an average H/E ratio 
(also known as elasticity index, IE) of 0.07±0.01, being in good agree-
ment with reported H/E ratios for a range of biological materials, such as 
wood, enamel or calcite shells, with average values of 0.05 [72] and 
building materials such as lime mortars with a value of 0.065 [71]. 
These results also show that the approach used here to calculate E and H 
is robust. 

For comparison purposes, we also considered the use of a dynamic 
contact model involving deformation following impact of a hard sphere 

Fig. 6. Boxplots summarizing weight loss (g/m2) based on peeling test results (a) and surface hardness (b) of untreated (CON) and treated earthen mock-ups. (Each 
box extends from 25th to 75th percentiles, whiskers indicate lower/higher absolute values, central line and cross indicate median and average values, respectively. 
Empty circles indicate outliers). 

Table 4 
Mechanical properties of untreated and treated earthen mock-ups. The elastic 
modulus (E) and indentation hardness (H) determined using the contact me-
chanics model, as well as the values of Leeb hardness (HLC), dynamic elastic 
modulus (Ed), uniaxial compressive strength (UCS) and yield strength (Y) are 
presented, standard deviation being included.  

Samples E (MPa) H 
(MPa) 

HLC Ed 

(MPa) 
UCS 
(MPa) 

Y (MPa) 

CON 311 ±
10 

23.5 ±
0.5 

216 ±
11 

1693 ±
168 

1.0 ±
0.22 

70.5 ±
1.5 

KOH 303 ±
13 

23.3 ±
0.8 

239 ±
27 

1367 ±
276 

1.3 ±
0.11 

69.8 ±
2.4 

BAC 320 ±
11 

27.5 ±
0.4 

224 ±
16 

1927 ±
268 

1.23 ±
0.10 

82.6 ±
1.2 

ES 1020 ±
107 

55.1 ±
4.6 

315 ±
26 

2302 ±
365 

3.54 ±
013 

165.0 ±
13.8 

NS 307 ±
48 

25.2 ±
2.3 

248 ±
16 

1273 ±
157 

1.04 ±
0.18 

69.5 ±
6.9 

NL 478 ±
69 

29.1 ±
3.9 

224 ±
15 

2052 ±
255 

1.02 ±
0.11 

87.4 ±
11.7  
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to a half plane of an elasto-plastic body at moderate speed (V < 500 m/s) 
according to Johnson [39]. Knowing the initial speed of the indenter tip 
(1.394 m/s) and the HLC value, we obtained the rebound velocity V’ by: 

Vʹ = V
HLC
1000

(5) 

The ratio V’/V is known as the “coefficient of restitution”, e, and 
according to Johnson [38]: 

e2 =
V 2́

V2 =
3π
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Therefore, the reduced dynamic elastic modulus is: 

Edr =
V2

V 2́
3π

5
44

3
4pd

10

⎛

⎜
⎝

1
2 mV2

pdR3

⎞

⎟
⎠

−
1
4

(7) 

Fig. 7. 3D microscopy and surface roughness analysis of indentation marks on the earthen mock-ups. a) Untreated sample (CON), b) alkaline activation treatment 
(KOH), c) bacterial treatment (BAC), d) ethyl silicate treatment (ES), e) nanosilica treatment (NS), and f) nanolime treatment (NL). The upper and lower images of 
each panel show the 2D and 3D view of the depth heatmaps (scale bar = 250 µm), respectively. 
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where pd is the mean contact pressure during dynamic loading, which is 
equal to 

pd =
P

πr2 (8)  

where P is the applied load (immediately upon indenter rebound) and r 
is the radius of the projected area of the indentation mark. Note that Eq. 
(8) is equivalent to Eq. (4), used to calculate H. The values of pd can also 
be used to calculate the yield strength Y, of the earthen mock-ups, 
because according to Tabor [73] Y≈3pd=3H. 

Table 4 shows average values of HLC and dynamic elastic modulus Ed 
calculated using Eq. (7) and (3) for the different treatments tested here, 
as well as their corresponding yield strength (Y). In contrast to the 
modulus values calculated using the contact model which range be-
tween ~300 and ~1000 Mpa, values calculated using Eq. (7) and (3), 
which include the input of the coefficient of restitution determined by 
HLC, were about 2x times higher (from 1200 up to >2300 MPa). These 
latter values are not consistent with reported E values for earthen ma-
terials with comparable porosity and apparent density, which ultimately 
casts doubt on their reliability. In addition, there is no clear correlation 
between HLC and Ed values determined using this method (Fig. 8c), and 
average elastic index values of 0.017 ± 0.003 calculated using Ed values 
(i.e., H/Ed) were not consistent with reported values (see above). It is 
likely that the restitution coefficient determined by the Leeb rebound 
system is strongly affected by the plastic deformation undergone during 
impact; yielding values lower than expected for this type of material. As 
a result, the calculated Ed values are overestimated. 

It should be noted that the yield strength values (marking the 

transition between elastic and plastic deformation under increasing 
load) for all the tested samples are relatively low (≤ 90 MPa), with the 
exception of the ES-treated mock-ups, which indicates that the materials 
are soft and clearly show elasto-plastic behavior. This is also consistent 
with the low values of UCS, similar to those reported for unstabilized 
rammed earth and adobe structures [45,69]. 

Considering that the rammed earth replicas were porous, we used 
different models to fit the variation of E determined using Eqs. (1) and 
(3), with fractional porosity, ø (determined by mercury intrusion 
porosimetry, Table 3). Tested models included the Voight, the Ram-
achrisna and Arunachalam, and the Pabst-Gregrovà models [74], as well 
as the models for overlapping spheres, ellipsoidal pores, overlapping 
spherical pores and overlapping ellipsoidal pores by Roberts and Gar-
boczi [75]. The best fit was obtained using the model for ellipsoidal 
pores (Fig. 8e), considering a maximum E0 value of 1200 MPa for highly 
compacted (with near zero porosity) rammed earth and assuming a 
value of 60 % porosity as percolation threshold when E drops to zero: 

E
E0

=

(

1 −
ϕ

0.6

)2.3

(9) 

We want to stress that the limited number of data points is a hand-
icap for drawing a precise correlation between porosity and E/E0 values; 
therefore, the results presented in Fig. 8e should be considered as trends 
but not as absolute values. Fig. 8e shows that E/E0 values for both ES and 
NL plot above the model fitting curve for this type of material. This is 
consistent with the presence of significant amounts of cementing ma-
terials such as silica gel and calcium carbonate (calcite) with moduli 
higher than those of the substrate (~5–19 GPa and ~50–75 GPa, 
respectively) [71,72,76,77]. Conversely, the other treatments, including 

Fig. 8. Mechanical properties of untreated and treated earthen mock-ups. a) Elastic modulus determined using a contact model vs. Leeb hardness, b) unconfined 
compressive strength vs. Leeb hardness, c) dynamic elastic modulus determined using coefficient of restitution values vs. Leeb hardness, d) indentation hardness vs. 
Leeb hardness. The linear regression (dashed line) equations and R2 values are included, and e) fitting of E/E0 values vs. porosity of earthen mock-ups to an ellipsoidal 
pore model (red dashed line). Error bars show standard deviation. 

K. Elert et al.                                                                                                                                                                                                                                    



Construction and Building Materials 438 (2024) 137154

13

NS, cluster close to the fitting curve, along with the value of the un-
treated control. The latter shows that a limited consolidation is achieved 
with these treatments. There is, however, an interesting outcome of the 
above analysis: it is remarkable that earthen mock-ups treated with NS 
display a relatively high HLC value, but at the same time, one of the 
lowest E values of all tested samples. This is paradoxical, as one would 
expect that high HLC values correspond to high E values. According to 
Kompatscher [34], however, a material with a lower modulus but yield 
strength similar to a material with a higher E value, would lead to a 
larger release of elastic energy upon impact of the Leeb indenter, 
resulting in higher restitution coefficient (e) and HLC values. This 
behavior is consistent with the formation of a ~60 µm thick silica gel 
layer on the earthen mock-up surface after NS treatment according to 
FESEM observations. The bulk mechanical behavior of the block is 
dominated by the earthen substrate that shows a marked plastic 
behavior, thus resulting in a low E value, whereas the surface behavior is 
dominated by the amorphous silica coating with a marked elastic-brittle 
behavior [76], resulting in a relatively high HLC. It is important to un-
derline that this particular behavior would be detrimental to the overall 
mechanical behavior of the treated earthen material because the 
physical-mechanical discontinuity between the consolidant layer and 
the substrate creates a flaw where damage (cracks parallel to the sub-
strate surface) starts/concentrates, while at the same time little or no 
effective bulk strengthening is achieved. Compatibility is also in ques-
tion in the case of the ES treatment, showing a very large increase in E, as 
well as HLC and H values. Considering the superior penetration capacity 
of this consolidant, a relatively thick consolidated layer forms that is 
mechanically incompatible with the softer earthen substrate under-
neath. Previous research has shown this effect to be highly detrimental, 
as the hardened surface crust eventually detaches and falls off [78]. 
Finally, water-based treatments KOH and BAC have little effect on the 
mechanical properties assessed via HLC, even though the latter leads to 
an increase in the E and H values. This implies that the material gains 
strength, but its elastic response during the rebound testing does not 
improve if compared with the control. This means that the material 
behaves more plastically, thus becoming tougher, an effect that could be 

beneficial (i.e., to withstand stress associated with physical weathering). 
However, these changes are not drastic, and further research should 
evaluate whether the observed positive strengthening effects can be 
improved by modifying the treatment protocol. 

3.6. Surface wettability and contact angle 

The study of the surface wettability and water absorption kinetics 
reveals a very rapid and consistent response of the untreated substrate 
upon dosing of 4 μL water drops, which are fully absorbed after around 
7 s (Fig. 9a). KOH does not influence the absorption behavior signifi-
cantly, and the minor variations detected when compared with the un-
treated substrate are not statistically relevant, whereas BAC slightly 
delays the time required for the full absorption of the micro drops with 
an average value of 19 s. In all these cases, the very fast absorption does 
not allow for the stabilization of the micro drop shape in order to obtain 
reliable measurements of the initial contact angle after dosing. The 
remaining treatments, namely ES, NS and NL, induce a noticeable 
change in the surface water-related properties. An almost 5-fold increase 
in the average water absorption time is induced by ES and NS, although 
associated with much larger data dispersion compared to the control. 
This can be explained by the uneven surface accumulation of the con-
solidants and, particularly in the case of NS, by the presence of an 
extensively cracked silica gel layer as evidenced by microscopic obser-
vations. Such a layer can be responsible for increased absorption times 
as it can act as a physical barrier delaying the early-stage absorption. 
Additionally, the network of surface discontinuities caused by the cracks 
determines randomly distributed areas of preferential access for liquid 
water, contributing to a differential water absorption response at the 
micro-scale. This behavior is reflected in the initial contact angle results 
(Fig. 9b), showing a similar trend and data distribution for both treat-
ments, with average values around 33◦ (ES) and 38◦ (NS). Considering 
the overall surface wettability properties, such contact angle values 
indicate that the initial hydrophilic behavior expected for this type of 
substrate is preserved after consolidation, and the wettability state can 
still be defined as strongly hydrophilic [79]. This is not surprising 

Fig. 9. Boxplots summarizing water microdroplets absorption kinetics (a) and initial contact angle values (b) of reference (CON) and treated earthen mock-ups (each 
box extends from 25th to 75th percentiles, whiskers indicate lower/higher absolute values, central line and cross indicate median and average values, respectively. 
Empty circles indicate outliers). Images at the bottom show representative drop shapes immediately after dosing. 

K. Elert et al.                                                                                                                                                                                                                                    



Construction and Building Materials 438 (2024) 137154

14

considering that despite differences in the surface accumulation phe-
nomena, particularly evident for NS, both treatments share similar 
chemical composition, although the final silica gel phases are formed 
following different curing routes. In contrast, the formation of a calcium 
carbonate-rich layer causes a significant change in the wettability 
properties after the NL treatment. We observed an almost 9-fold increase 
in the average absorption time compared to the untreated earthen 
mock-up and an increase in the initial contact angle values (>50◦), 
rendering the surface weakly hydrophilic. The observed contact angles 
are consistent with those reported for calcite [80] and show similar 
tendencies as those previously reported for the same substrate obtained 
with conventional benchtop laboratory equipment [7]. While water 
absorption and contact angle data suggest improved water resistance of 
mock-ups treated with ES, NS, and NL, previous tests involving complete 
water immersion of earthen blocks revealed that only ES and, to a 
certain extent, KOH prolonged their durability under such extreme 
conditions [7]. This indicates that consolidation treatments only 
involving very thin surface layers render substrates slightly less hydro-
philic but are not necessarily effective if direct water contact persists 
over longer periods of time. 

4. Discussion 

4.1. Consolidant performance 

Our multi-analytical approach discloses significant differences in the 
film-forming propensity and in-depth distributions of consolidants, and 
their impact on key properties such as surface roughness and appear-
ance, permeability, water behavior, and mechanical properties. 
Consolidation treatments based on alkaline activation (KOH) or bacte-
rial biomineralization (BAC) only induced little changes in surface 
appearance and texture. The positive effect on mechanical strength and 
water resistance was very limited, and surface cohesion worsened. These 
results are in stark contrast to previous findings using more concentrated 
alkaline solutions (5 M KOH [12]) or applying biomineralization treat-
ments to other substrates such as carbonate stone or gypsum [72,81]. 
This suggests that i) effective alkaline activation cannot be achieved 
with less concentrated (2 M) KOH solutions, and ii) the cementing ca-
pacity of activated indigenous carbonatogenic bacteria proved insuffi-
cient and warrants further research to optimize the treatment protocol 
and enhance effectiveness for extremely challenging earthen substrates 
(e.g., application of cultured ureolytic [82] or other carbonatogenic 
bacteria or choosing more favorable curing conditions [83]). Other 
alternative routes relying on enzyme induced carbonate precipitation 
[84], which have successfully been applied for soil cementation and dust 
control, might also have potential for the consolidation of earthen her-
itage structures. 

Film-forming treatments based on nanoparticles (colloidal NS and 
NL dispersions) caused severe changes in surface appearance and a 
reduction in permeability, even though, they improved cohesion. 
Importantly, they only achieved very limited penetration, which is a 
major drawback according to previous studies [12]. In the case of the 
clay-rich substrate (especially with high content in expansive smectitic 
clays such as montmorillonite), clay swelling induced by the 
water-based NS consolidant likely further prevented adequate penetra-
tion. According to Norris [85] Na-montmorillonite may take up 10 g 
H2O/g of clay and increase its volume by ~20 times. Immediately upon 
aqueous consolidant application, water enters the pores of the clay-rich 
substrate driven by capillary forces, leading to swelling and followed by 
additional expansion upon hydration of interlayer cations in the case of 
swelling clays [86]. Both phenomena will cause pore clogging and 
hinder the penetration of nanoparticles. In the case of the commercial 
product Nano Estel, a small amount of NaOH (<0.5 % according to the 
manufacturer) is added to stabilize the dispersion, which could theo-
retically counteract clay swelling to a certain degree by inducing floc-
culation [87]. However, such an effect was not observed here. 

Furthermore, penetration might even be hindered in soils with low clay 
content, where significant swelling is not expected. Depending on the 
pore size, these soils can act as filters and only allow the solvent (water) 
to penetrate deeper into the substrate, while nanoparticles are separated 
and accumulate at the surface [88]. In this respect, the high absorption 
capacity of clays due to their large specific surface area should also be 
considered [89]. 

In the case of the NL treatment, the opposing surface charge of 
(positively charged) lime particles and the (negatively charged) silicate 
grains in the substrate might have led to aggregation, causing clogging 
of near-surface pores and ultimately hindering further penetration [19]. 
In addition, Erdogan et al. [86] have shown that even though the 
swelling of expansive clays (bentonite) is 60 % lower in ethanol as 
compared to water (i.e., 680 % swelling in water versus 290 % swelling 
in ethanol), short-term swelling is much faster in ethanol, leading to a 
4-fold increase in swelling after 5 minutes (i.e., 160 % swelling in 
ethanol versus 40 % swelling in water). Thus, pore clogging due to 
swelling cannot be ruled out in the case of alcoholic dispersions. Theo-
retically, other solvents could be selected to overcome this problem. 
According to Erdogan et al. [86] decanol provokes a slow response and 
very little clay swelling, while hexane causes no swelling at all. In 
addition, these long-chain alcohols with low vapor pressure could also 
reduce the risk of particle back-migration and (if adsorbed on the par-
ticle surface) prevent aggregation by promoting steric repulsion [90]. 
Based on these findings, film-forming treatments seem only suitable for 
substrates suffering from alteration limited to a very thin, 
millimeter-thick surface layer, which is normally not the case in earthen 
substrates. Future studies should, thus, focus on improving consolidant 
penetration by impeding nanoparticle aggregation and adverse 
consolidant-substrate interactions [24,90]. It should also be determined 
whether these consolidants demonstrate better efficacy in the case of 
deteriorated, extremely porous earthen substrates as compared to lab-
oratory mock-ups. 

Alkoxysilane (ES) was most effective in increasing mechanical 
strength and water resistance, while changes in surface appearance were 
generally acceptable except for a noticeable surface darkening. How-
ever, the significant increase in hardness and elastic modulus, together 
with a reduction in WVTR after ES treatment might lead to physico- 
mechanical incompatibility with the softer, more permeable earthen 
substrate underneath and ultimately accelerate degradation processes 
[91]. Additional research is required to determine whether highly 
diluted alkoxysilane solutions could overcome the described shortcom-
ings and, at the same time, provide adequate cementation to guarantee 
long-term effectiveness. Alternatively, recently proposed consolidants 
based on alkoxysilane-nanoparticle (e.g., nanolime) mixtures could be 
tested on earthen substrates [92]. 

4.2. Evaluation of the multi-analytical approach 

Using standard, lab-based analytical techniques the reliable perfor-
mance and good accuracy of the proposed non-destructive or minimally 
invasive, portable methods were verified. The latter methods yield 
complementary and extremely valuable quantitative results for the 
evaluation of surface and sub-surface changes upon consolidation of 
earthen substrates. Importantly, all tested portable equipment is small, 
lightweight and battery-operated and can, thus, be used in remote sites 
without external power supply. 

In this respect, it is also important to consider some limitations of 
conventional field-testing methods, such as Karsten tube or sponge tests, 
which can only inform on average (bulk) substrate properties (i.e., 
Karsten Tube testing involves a relatively large surface area (≥3 cm2) 
and water amount, and measurements are influenced by the likely 
presence of large internal voids and cracks in the heterogeneous earthen 
substrates [93]). As such, these methods are thus not suitable to 
correctly describe subtle surface modifications and gauge the treatment 
effectiveness. To further complicate matters, the investigated sample 
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volume often varies or might even be unknown, depending on the 
substrate conditions (e.g., unknown depth of water absorption in the 
case of Karsten Tube testing [93]). The mobile surface analyzer tested 
here proved to be a valid alternative and allowed for measuring contact 
angle and small changes in absorption kinetics in most of the treated 
specimens under conditions that can be effectively replicated in 
different field applications (i.e., horizontal and vertical surfaces), 
thereby eliminating the need for destructive sampling. Due to the highly 
absorptive nature of the substrate it was impossible to measure the 
contact angle of some of the samples. This shortcoming is not specific to 
the portable equipment and has also been experienced with a conven-
tional bench-top contact angle device. 

The portable air permeameter successfully identified small changes 
in permeability induced by the consolidation treatments that were not 
detected by previous WVTR testing [7]. This method has the additional 
advantage to not alter the substrate permeability during testing (i.e., 
WVTR testing involves direct water contact and can induce changes in 
permeability due to hydration and swelling in the case of clay-rich 
earthen substrates). In addition, WVTR testing requires longer prepa-
ration and execution times and cannot be applied in situ. A recent study 
[30] found a good correlation between air permeability measurements 
and substrate porosity considering pore connectivity, implying that this 
non-destructive technique could be used in situ to assess water/-
consolidant uptake by capillary absorption and evaluate weathering 
progress. However, the actual volume investigated via air permeability 
measurements also depends on substrate porosity/pore structure [31] 
and further tests are required to calibrate this technique, in particular in 
the case of earthen substrates that have not previously been tested with 
this method and often show significant variations in porosity and pore 
size distribution. 

The in situ assessment of mechanical properties often involves ul-
trasonic pulse velocity measurements, which, however, might be chal-
lenging in the case of relatively soft, heterogeneous substrates with a 
very irregular surface [94]. Here, the applicability of Leeb surface 
hardness measurements has been demonstrated for earthen substrates. 
Its relatively low impact energy as compared to the widely used Schmidt 
hammer enables the detection of relatively small treatment-related 
surface mechanical changes of such soft building material and makes 
it almost non-destructive [95]. Furthermore, analysis of the indentation 
mark geometry upon hardness testing proved very useful in obtaining 
additional information on the mechanical properties of treated surfaces, 
in particular in the case of film-forming consolidants, without the need 
for any sampling. By using Hertz contact mechanics and dynamic con-
tact mechanics, HLC testing can provide valuable quantitative infor-
mation not only on indentation hardness but also on static and dynamic 
moduli. Note that ultrasound measurements can only yield the dynamic 
modulus, and its determination requires equipment capable of deter-
mining both Vp (speed of compression waves) and Vs (speed of shear 
waves), which is not standard in portable equipment [96]. However, 
only a small body of research exists on such soft building materials [97], 
and further studies involving a larger number of samples are necessary 
to validate our approach. Compositional and textural heterogeneity, 
including surface roughness, typical of this type of substrates, can have a 
significant impact on rebound hardness measurements, and a large 
number of measurements (N ≥ 70) is recommended to improve data 
robustness [37,70]. 

Standard analytical techniques, applied in an advanced, less con-
ventional manner proved very useful to complement results obtained 
with portable equipment in order to investigate consolidant distribution 
and corroborate treatment efficacy. FESEM elemental mapping of pol-
ished cross-sections proved extremely valuable, evidencing the very 
limited penetration of film-forming consolidants (NS and NL) and scarce 
cementation in the case of alkaline activation and biomineralization. 
However, elemental mapping was not able to provide unambiguous 
information regarding ES consolidant distribution, and indirect methods 
such as DR measurements are required to determine penetration [7]. It is 

also shown that VIS-light reflectance spectra can provide valuable 
additional information with respect to the commonly reported color 
parameters L*, a*, b*, and ΔE*, allowing for a better interpretation of the 
combined effect of color change and luminosity variations. Surface 
roughness analysis permitted a detailed surface characterization, and it 
proved particularly useful to consider several roughness parameters 
such as Sa, Sz, Ssk, and Sku to accurately describe surface changes 
induced by the consolidation treatment (i.e., material loss caused by 
water-based consolidants, consolidant accumulation phenomena and 
crack formation). Obtained data reveal good correlation with peeling 
test results, demonstrating that these two techniques are complementary 
and validating the usefulness of the peeling test for the in situ evaluation 
of surface cohesion. However, the number of studies involving peeling 
test application on earthen materials is still very limited [13,58] and 
more research is necessary to establish an appropriate protocol for such 
a heterogeneous substrate. 

5. Conclusions 

This comprehensive study highlights the effectiveness of integrating 
non-standard, portable methods with standard lab-based analytical 
techniques to assess surface and sub-surface changes following consol-
idation treatments. None of the consolidants showed optimal perfor-
mance in the case of the earthen substrate, either due to limited 
penetration and formation of only a scarce amount of cementing phases, 
or by causing excessive physico-mechanical changes with implications 
for the overall compatibility. Penetration has been identified as a key 
parameter for successful consolidation treatments and further studies 
are imperative to enhance penetration of nanoparticle-based con-
solidants by reducing particle aggregation and consolidant-substrate 
interactions, improve treatment protocols and design optimized con-
solidants based on alkoxysilane-nanoparticle mixtures. 

The suitability of a suite of portable equipments, including air per-
meameter, surface hardness tester, and mobile surface (contact angle) 
analyzer have been validated for their use on earthen substrates by this 
study. They provided accurate and reliable results, consistent with those 
obtained by standard lab-based analytical equipment as shown here, 
being a valuable addition to current on-site assessment capabilities and 
eliminating the need for destructive sampling. Importantly, the in-
struments were sufficiently sensitive to determine very subtle treatment- 
related changes limited to a thin surface layer. The advanced application 
of standard analytical techniques (FESEM elemental mapping using 
cross-sections) and detailed data analysis (application of contact me-
chanics theory for the evaluation of surface hardness measurements and 
a comprehensive analysis of roughness parameters) proved very useful 
to correctly determine consolidant distribution and changes in surface 
properties. 

However, challenges due to substrate heterogeneity, even in the case 
of earthen mock-ups with controlled granulometry, have been encoun-
tered and additional research has to be performed to improve data 
robustness and validate these portable techniques for on-site use, pref-
erably including a large number of earthen substrates with variable 
textural and compositional properties. The integrated approach outlined 
here will not only be instrumental for developing more efficient con-
servation treatments by correlating relevant substrate properties with 
consolidant performance, but could also be utilized for long-term, on- 
site monitoring of the weathering progression in built heritage mate-
rials, which is key to developing effective preventive conservation 
strategies. Finally, the comparative laboratory study using a substrate 
with controlled granulometry has proven indispensable to obtain a 
detailed understanding of the modus operandi of the different con-
solidants. Nevertheless, research focusing on the consolidation of 
earthen substrates has to be expanded and should include comparative 
in situ studies involving substrates with varying degrees of degradation 
in order to validate the laboratory results. 
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Writing – review & editing, Investigation. Davide Gulotta: Writing – 
review & editing, Writing – original draft, Visualization, Resources, 
Methodology, Investigation. Elena Correa: Writing – review & editing, 
Investigation. Carlos Rodriguez-Navarro: Writing – review & editing, 
Writing – original draft, Methodology, Investigation. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgements 

We thank KBYO BIOLOGICAL S.L. (Spain) for supplying the patented 
nutritive solution M − 3 P. We also thank C. Cardell, F. Jroundi, M.T. 
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[16] Y. Praticò, F. Caruso, J. Delgado Rodrigues, F. Girardet, E. Sassoni, G.W. Scherer, 
V. Vergès-Belmin, N. Weiss, G. Wheeler, R.J. Flatt, Stone consolidation: a critical 
discussion of theoretical insights and field practice, Rilem Tech. Lett. 4 (2019) 
145–153. 

[17] K. Elert, E. Sebastián Pardo, C. Rodriguez-Navarro, Influence of organic matter on 
the reactivity of clay minerals in highly alkaline environments, Appl. Clay Sci. 111 
(2015) 27–36. 

[18] A. Ito, R. Wagai, Global distribution of clay-size minerals on land surface for 
biogeochemical and climatological studies, Sci. Data 4 (2017) 1–11. 

[19] G. Torraca, G. Chiari, G. Gullini, Report on mud brick preservation, Mesopotamia 7 
(1972) 259–286. 

[20] M. Ambrosi, L. Dei, R. Giorgi, C. Neto, P. Baglioni, Colloidal particles of Ca(OH)2: 
properties and applications to restoration of frescoes, Langmuir 17 (2001) 
4251–4255. 

[21] G. Ziegenbalg, M. Drdacky, C. Dietze, D. Schuch, Nanomaterials in Architecture 
and Art Conservation, Pan Stanford Publishing, Palo Alto, 2018. 

[22] K. Elert, E.S. Pardo, C. Rodriguez-Navarro, Alkaline activation as an alternative 
method for the consolidation of earthen architecture, J. Cult. Herit. 16 (2015) 
461–469. 

[23] E. Franzoni, B. Pigino, C. Pistolesi, Ethyl silicate for surface protection of concrete: 
Performance in comparison with other inorganic surface treatments, Cem. Concr. 
Comp. 44 (2013) 69–76. 

[24] R. Camerini, D. Chelazzi, R. Giorgi, P. Baglioni, Hybrid nano-composites for the 
consolidation of earthen masonry, J. Colloid Interface Sci. 539 (2019) 504–515. 

[25] S. Ghadr, C.H. Liu, P. Mrudunayani, C. Hung, Effects of hydrophilic and 
hydrophobic nanosilica on the hydromechanical behaviors of mudstone soil, 
Constr. Build. Mat. 331 (2022) 127263. 
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[95] S.B. Çelik, İ. Çobanoğlu, Comparative investigation of Shore, Schmidt, and Leeb 
hardness tests in the characterization of rock materials, Environ. Earth Sci. 78 
(2019) 1–16. 

[96] V. Brotons, R. Tomás, S. Ivorra, A. Grediaga, J. Martínez-Martínez, D. Benavente, 
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