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ARTICLE INFO ABSTRACT

Keywords: Earth has been an important construction material throughout history. Being a relatively fragile
Rammed earth material, it can undergo extensive weathering depending on prevailing climate conditions,
Ethyl silicate consequently requiring constant maintenance and often consolidation. The latter is still one of the
Nanolime most challenging tasks in the conservation field. Here we compare the effectiveness of a con-
Nanosilica

ventional consolidant (ethyl silicate) with several more recently introduced consolidants (nano-
lime and nanosilica) and consolidation methods (alkaline activation and bacterial
biomineralization). Improvements in weathering resistance, water drop absorption, contact angle,
and water vapor transmission, as well as mechanical strength (drilling resistance and compressive
strength) of laboratory-prepared rammed earth mock-ups and a rammed earth wall at the
Alhambra (Granada, Spain) were evaluated and related to treatment-induced compositional and
textural changes. A detailed analysis of advantages and shortcomings of each consolidant was
performed and modifications to current application protocols are proposed to optimize the effi-
cacy of conventional and novel consolidation treatments.

Alkaline activation
Bacterial biomineralization

1. Introduction

The consolidation of earthen architecture is one of the most challenging tasks in the conservation field and over the years many
different treatment methods and products have been proposed to address the conservation needs of historic earthen buildings and
archaeological remains [1-5]. Important architectural heritage made of rammed earth or adobe can be found in most parts of the world
and more recently earth has experienced a revival in the search for sustainable building materials for new constructions [6]. Depending
on the prevailing climatic conditions, the maintenance requirements of earthen structures vary, but might be substantial if they are
exposed to important seasonal precipitation. Consequently, consolidation treatments (i.e., application of a strengthening/cementing
agent to the substrate in order to regain lost cohesion of the degraded surface [7]) are often necessary in order to prolong the
structure’s service life and reduce maintenance. However, as compared to other building materials such as lime mortars or stone, the
number of systematic studies on the effectiveness of consolidation treatments for earthen structures is limited.

Past organic and inorganic consolidants have not always offered satisfactory results over the long run. Indeed, consolidation of
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earthen structures is especially challenging considering the material’s intrinsic characteristics, namely the often significant content in
clay minerals. Clay acts as a binder for coarser soil fractions including sand and gravel, but, at the same time, can be the cause of
degradation (i.e., cracking and material loss) due to its response (i.e. swelling or contraction) to changes in the substrate’s moisture
content [8]. Repeated volume changes and associated stress can result in the deterioration of the consolidant’s effectiveness over time,
which has been reported for example in the case of alkoxysilanes, one of the most commonly used consolidants for earthen material
[9]. Consequently some researchers have suggested that the main aim of a consolidation treatment for clay-rich substrates should be a
reduction in the soil’s swelling capacity rather than a simple increase in strength [10]. The consolidation of earthen structures is often
further complicated by delamination and the presence of cracks of important depth, which facilitate the penetration of water into
unconsolidated interior zones favoring material loss due to scaling or spalling.

Here we compare the effectiveness of a conventional consolidant (i.e., ethyl silicate) with several consolidants (i.e., nanosilica and
nanolime) and consolidation methods (i.e., alkaline activation and bacterial biomineralization), which have been more recently
proposed for the treatment of earthen structures [2,4,5,11,12]. In the case of ethyl silicate- and nanosilica-based consolidants, the final
product is amorphous silica gel, which forms upon solvent evaporation and subsequent hydrolysis and/or polycondensation (i.e.,
sol-gel process). The silanols formed during hydrolysis of ethyl silicate might not only react with one another upon condensation to
form siloxane (Si-O-Si) bonds, but also with OH-groups on the (silicate) mineral surface, thus inducing strong cementation of the
substrate [13]. Nanolime contains portlandite (Ca(OH);) nanoparticles dispersed in alcohol, which carbonate rapidly when in contact
with ambient CO, and result in a cementation of the treated substrate. Alkaline activation using KOH solution relies on the partial
dissolution of soil minerals (i.e., clays and other reactive aluminum-silicate phases) at high pH and the subsequent formation of
amorphous zeolitic precursors with cementing properties [2,9]. In addition, KOH and Ca(OH); might induce flocculation (i.e.,

Test site

Fig. 1. a) General view of part of the Alhambra Alcazaba (Fortress, Granada, Spain). The arrow indicates the location of the test site; b) XIII century rammed earth
wall, showing treatment areas: (1) ethyl silicate, (2) nanolime, (3) nanosilica, (4) alkaline activation (2 M KOH), and (5) bacterial biomineralization; and c) detail of
the degraded lime-amended earthen wall, showing alternating grey lime-rich and red clay-rich layers. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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decrease in clay particle repulsion in the presence of an electrolyte) and cation exchange in the case of Na-smectites, thus reducing clay
swelling to a certain extent [14,15]. Several bacterial biomineralization strategies exist, which all rely on the precipitation of a
cementing hybrid material containing calcium carbonate and bacterially-derived exopolymeric substances (EPS, composed of poly-
saccharides, proteins, DNA, and RNA) [16]. Previous studies suggest that clay swelling might be controlled by the intercalation of
bacterial EPS into the interlayer space of expansive clays [17]. Exogenous or stone isolated single bacterial cultures have commonly
been applied for biomineralization treatments [18]. However, more recently a simplified method, which involves the application of a
patented sterile nutritive solution (i.e., source of Ca and amino acids) to selectively activate the carbonatogenic bacteria among the
indigenous microbial community, has been developed [19,20]. This method eliminates the need for the isolation and culture of a
carbonatogenic bacteria inoculum in the laboratory prior to application. So far it has been successfully applied to limestone, tuff, and
gypsum plaster, but its effectiveness for the consolidation of earthen architectural heritage has not been explored [16,21,22].

The evaluation of each consolidant included its penetration and cementation capacity (i.e., strength increase), as well as possible
improvements in the weathering resistance of earthen structures. The results obtained here were related to changes in mineralogical
composition, texture, surface properties (water contact angle) and porosity, induced by the consolidants applied under laboratory
conditions (i.e., rammed earth mock-ups) and in situ (i.e., rammed earth wall, XIII century) at the Alhambra Fortress, which is the most
important example of Nasrid architecture in southern Spain (Fig. 1). The outcome of our research illustrates the advantages and
shortcomings of each consolidant in a systematic manner and lays the basis for further advances in the development of more suitable
products and treatment methods for the consolidation of earthen structures.

2. Materials and methods

2.1. Rammed earth wall for in situ treatment

For the in situ treatment a south-facing rammed earth wall at the Alhambra fortress was selected as a pilot area (Fig. 1). This earthen
wall is representative in terms of structure, composition and level of weathering of most original earthen walls present at the Alhambra
fortress. It shows different levels of erosion due to granular disintegration (Fig. S1a, Supplementary Information). The upper part is still
covered by a lime-rich layer (Fig. 1b), whereas the lower part has suffered severe erosion, displaying in some areas alternating grey
lime-rich and reddish clay-rich layers, typical for lime-amended rammed earth constructions (Fig. 1c). In addition, large amounts of
pebbles contribute to a significant inhomogeneity of the earthen structure (Fig. S1b, Supplementary Information). The evaluation of
the consolidant effectiveness in this study was limited to the reddish clay-rich layers (i.e., those areas displaying the most severe
damage and material loss).

2.2. Preparation of rammed earth mock-ups

Considering the historical-cultural value of the earthen structures at the Alhambra fortress, it was not possible to directly collect
large samples of the historic rammed earth wall to perform a detailed laboratory study complementing the in situ tests. Therefore, it
was decided to prepare mock-ups with local earthen material from the Alhambra formation outcrops, which have historically been
used for the construction of earthen structures in Granada, including the Alhambra and the city walls [9]. Because the durability of
earthen structures is to a great extent determined by the erosion resistance of the soil matrix, the fine soil fraction (<1 mm, obtained by
sieving) was selected for the preparation of mock-ups in order to obtain a homogeneous matrix (i.e., many tests such as peeling test, or
drilling resistance and contact angle measurements, are difficult to perform in the presence of pebbles) and facilitate the evaluation of
the consolidation effectiveness, in particular with regard to the swelling capacity of clay minerals. Earth mock-ups (4 x 4x4 cm) were
prepared with a water/solid ratio of 0.2 (by weight). Wooden frames (16 x 12 x 4 cm) were filled with 2 cm thick layers of the soil
mixture and compacted manually. Prior to consolidation treatments, mock-ups were dried under laboratory conditions (20 £ 5 °C, 40
+ 5% RH) for 2 months.

2.3. In situ treatments at the Alhambra fortress

For the in situ treatment 50 x 100 cm areas of the rammed earth wall were selected for each consolidant. These areas included clay-
rich zones of similar level of erosion, which had lost the lime-rich outer layer (Fig. 1b). Loose debris was removed by brush before
treatment. Table 1 summarizes information regarding the different consolidation treatments and curing conditions. The

Table 1
Consolidation treatments and curing during in situ application.
Consolidant Appl. method No. of appl. Appl. period (days) Total amount (L/m?)
Biomineralization” Spray 5 3 10
Nanolime” Brush 5 1 5
Nanosilica“ Brush 3 3 3
Alkaline Activation Brush 5 3 5
Ethyl silicate’ Brush 5 1 3

2 Patented water-based nutritional solution M — 3P [20].

b Calosil E25, 25 g/L in ethanol, ~150 nm particle size (IBZ-Salzchemie GmbH&Co.KG, Germany), diluted with ethanol 1:1 to a total solid content of 12.5 g/L.

¢ NanoEstel, solid content: 30 wt%, colloidal silica dispersed in water, 10-20 nm particle size (C.T.S., Spain) diluted with MilliQ water 1:1 to a total solid content of 15
wit%.

4 Estel 1000 in white spirit D40, solid content: min. 35 wt% (C.T.S., Spain) used as is.
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biomineralization treatment involved the repeated application of the patented M — 3P nutritional solution by spray in order to avoid
the contamination of the solution during application (as might occur if applied by brush) [20]. All other treatments were applied by
brush in order to minimize the health risk (i.e., inhalation of aerosols) to the operator.

Granada has a Mediterranean climate, with significant diurnal and seasonal changes in T and RH, as well as important precipitation
during the winter months and dry summers. Treatments were applied in October and T and RH (i.e., 20 &+ 4 °C and 44 + 10%,
respectively) were recorded during treatment with a datalogger that was placed on the wall surface at a distance of 10 cm from the
biomineralization test area. Areas treated with the nutritive M — 3P and the 2 M KOH solutions were covered with opaque plastic film
for 7 days to avoid premature drying, as well as to prevent direct light irradiation and possible associated bacterial pigmentation in the
case of the biomineralization treatment. Analyses and in situ tests were performed 6 months after consolidant application, when the test
areas were completely dry.

2.4. Laboratory treatments

Table 2 summarizes information regarding the different treatments using identical consolidants as in the in situ test. Note, however,
that the amount of consolidant applied to the rammed earth wall was substantially higher than that of the laboratory-treated rammed
earth mock-ups (12 specimens per consolidant) as a result of the increased absorption capacity of the former and lower RH during in
situ treatment application, which enabled faster drying between each application.

Curing of all mock-ups (with the exception of samples treated with ethyl silicate, which were kept at ~50% RH during curing) took
place in unsealed plastic boxes to allow for adequate air circulation at ~80% RH (using glass beakers filled with water) in order to
facilitate carbonation/alkaline activation and avoid premature drying and/or consolidant backflow upon rapid solvent evaporation. In
the case of the biomineralization treatment, daylight was blocked using black plastic film to prevent bacterial-induced pigmentation
and consequent color change of the substrate. After curing, all samples were stored under laboratory conditions (20 £+ 5 °C, 40 &+ 5%
RH) for 2 months prior to analysis and testing.

2.5. Analytical methods and testing

Powder X-ray diffraction analysis (XRD, X’ Pert PRO, Malvern Panalytical Ltd., UK) was performed to determine the mineralogical
composition of laboratory mock-ups and Alhambra rammed earth samples before and after consolidation. Additionally, oriented
aggregates of the clay fraction of the 1 mm thick surface layer of earth mock-ups, either air-dried or treated with dimethyl sulfoxide
(DMSO), were analyzed. Equipment settings: Cu-Ka radiation; Ni filter; 45 kV voltage; 40 mA intensity; exploration range of 3°~60°20
and goniometer speed of 0.05°20 s, Mineral phase identification and quantification were performed using HighScore (Malvern
Panalytical Ltd., UK) and XPowder software [23] and experimental reference intensity ratio (RIR) values.

Thermogravimetric-differential scanning calorimetry (TGA-DSC) analysis on a Mettler TGA/DSC 3+ Star was used to quantify
mineral phases and organic matter before and after bacterial biomineralization of rammed earth samples. Analysis conditions: alumina
crucibles, ~40 mg samples mass, 25-950 °C T-range, and 100 mL/min gas flow. Samples were analyzed in air and N (i.e., weight loss
and an exothermic band are only expected during combustion of organics in air but not in an inert Ny atmosphere).

Textural and compositional characteristics of carbon-coated samples before and after consolidation in the laboratory and in situ
were studied using field emission scanning electron microscopy (FESEM, AURIGA, Carl Zeiss, Germany) coupled with energy
dispersive spectrometry (EDS, INCA-200, Oxford Instruments, UK). Equipment settings: 10~® Pa vacuum and 3 kV acceleration voltage
in secondary electron imaging mode and 20 kV acceleration voltage for microanalysis.

The total number of culturable bacteria (Colony-forming units, CFU/g) was determined before and 4 or 6 months after the bio-
mineralization treatment of mock-ups and the rammed earth wall, respectively. The extraction protocol for culturable bacteria
established by Jroundi et al. [16] was followed to determine the total bacterial count. The carbonatogenic capacity of bacterial isolates
cultured in M — 3P solid medium was estimated based on CaCOs3 production using optical microscopy.

Color parameters of untreated and treated mock-ups and the rammed earth wall were determined with a spectrophotometer (CM-
700 d, Konika Minolta, Japan) using the CIE L*a*b* color space (i.e., L* is luminosity varying from black with a value of 0 to white with
avalue of 100; a* varies from +a* (red) to —a* (green) and b* from +b* (yellow) to —b* (blue)). Color change was calculated using the
following formula: AE* = (AL*2 4+ Aa*? + Ab*%)1/2. Equipment settings were: illuminant D65, 10° viewing angle, 8 mm @ aperture.
Average values are based on 10 measurements per sample type.

Improvements in water resistance were determined by measuring water absorption and weight loss (4 specimens per sample type)

Table 2
Consolidation treatments and curing during laboratory application.
Consolidant Appl. method No. of appl./appl. period (days) Total amount (L/m?) Curing Curing period (days)
T (°C), RH (%)
Biomineralization Spray 6 (5) 1.2 25+5,80+5 14
Nanolime® Brush 5(1) 0.15 25+5,80+5 28
Nanosilica” Brush 5 (1) 0.2 25+5,80+5 28
Alkaline Activation Brush 5 (5) 0.7 25+5,80+5 28
Ethyl silicate® Brush 5(1) 1.5 254+5,50+5 28

@ Calosil E25, 25 g/L in ethanol, ~150 nm particle size (IBZ-Salzchemie GmbH&Co.KG, Germany) used as is.
b NanoEstel, solid content: 30 wt%, colloidal silica dispersed in water, 10-20 nm particle size (C.T.S., Spain) used as is.
¢ Estel 1000 in white spirit D40, solid content: min. 35 wt% (C.T.S., Spain) used as is.
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upon immersion of untreated and treated mock-ups in water for predetermined time intervals. Note that the water absorption rate (wt
%/day) could only be determined for ethyl silicate-treated mock-ups according to standard 1S3495:1992 [24] as the remaining samples
suffered important weight loss upon immersion and weight gain could not be measured in a consistent manner. It might be argued that
wetting-drying cycles would have better mimicked natural weathering processes [25]. However, this type of test would have had an
even more severe impact on the clay-rich earth mock-ups of this study and likely not have permitted a comparison of the consolidants’
effectiveness [26].

To further evaluate the effectiveness of consolidation treatments, the sessile drop method was applied to determine the static
contact angle of 4 uL water drops deposited on the mock-up surface before and after consolidation using an OCA 15 EC equipment
(DataPhysics Instruments, Germany) following the procedure described in UNE-EN 828 [27]. The same instrument was used to record
videos of the water drop absorption and determine changes in absorption kinetics induced by the different consolidation treatments.
Average values are based on at least 3 measurements per sample type.

The water vapor transmission rate (WVTR) of cylindrical samples (@ = 2.5 cm and height = 1 cm) of earth mock-ups was evaluated
using a modified version of the procedure described in UNE-EN 15803 [28]. Due to the limited sample size, cylindrical plastic con-
tainers (@ = 2.5 cm and height = 7 cm, filled with 2 mL saturated KNOj3 solution to maintain 93% RH inside the container) were used
instead of the standard cuvette. The seal between sample and container was obtained using plasticine covered by Parafilm®. Samples
were kept in an environmental chamber at 50% RH. The test was performed in duplicate over a 10-day period.

Total pore volume and pore size distribution of mock-ups and Alhambra rammed earth samples before and after consolidation were
determined with mercury intrusion porosimetry (MIP) using an Autopore III 9410 porosimeter (Micromeritics, Norcross, US). This
instrument measures pores with 0.003-360 pm diameter. Samples (~1.5 g) were prepared from the 0.5 cm outer surface layer of mock-
ups and the rammed earth wall, which were oven-dried for 48 h at 60 °C prior to analysis. MIP analyses of each sample type were
performed at least in duplicate.

An Instron 3345 equipment (Instron Co., Canton, US) was used to determine the increase in compressive strength upon consoli-
dation of earth mock-ups using an adapted version of the procedure described in UNE-EN 1015-11 [29]. Prismatic samples (2 x 1x1
cm) were prepared from a 1 cm thick outer surface layer of the mock-ups. A load of 5000 N at 3 mm/min was applied to at least 4
specimens per sample type.

A portable drilling resistance measurement system (DRMS, Sint Technology, Italy) was used to measure the increase in mechanical
strength upon consolidation as well as consolidant penetration depth of mock-ups and the rammed earth wall. In the latter case,
drilling resistence measurements were performed in situ. The drilling parameters were as follows: 5 mm diamond-tip drill bit, 20 mm
maximum depth, 20 mm/min penetration rate, and 400 rpm revolution speed. Average values are based on at least 5 measurements.

The “Scotch tape” or peeling test was used to evaluate changes in surface cohesion upon consolidation in the laboratory and in situ
[30]. For testing 3 x 3.8 cm adhesive tape stripes were used. Reported average values are based on four tests per sample type.
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Fig. 2. XRD patterns of air-dried and DMSO-treated oriented aggregates of earth mock-ups (1 mm surface layer) before and after consolidation treatments. Sme =
smectite, Chl = chlorite, Kln = kaolinite, Ilt = illite, and Pg = paragonite [33].
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3. Results

3.1. Mineralogical composition of mock-ups before and after consolidation

XRD analysis (powder samples) of the Alhambra formation soil used for the preparation of mock-ups revealed a certain in-
homogeneity among the different samples with 50-60 wt% clay minerals, 35-40 wt% quartz, and ~5 wt% feldspars. Trace amounts of
carbonates and iron-oxihydroxides (i.e., hematite and goethite) were also detected, the latter being responsible for the reddish-
brownish color of the soil. The analysis of oriented aggregates allowed the identification of smectite, illite, paragonite, kaolinite
and chlorite (Fig. 2). These are, with the exception of paragonite, common clay minerals and typical soil constituents [31]. The
presence of expansive clay minerals (i.e., smectites), which can generate pressures of >100 N/mm? upon intracrystalline swelling [8],
makes this soil especially susceptible to swelling-induced degradation.

After consolidation, a slight increase in calcite was detected in samples treated with nanolime, biomineralization, and alkaline
activation. While the formation of calcite is to be expected in the case of the former two treatments, it is rather surprising in the case of
the latter, but might be related to the dissolution of Ca-bearing silicate minerals (e.g., smectites) at high pH and subsequent
carbonation. The detected amounts of calcite after the biomineralization treatment were comparable to those (i.e., ~2 wt%) detected
in archaeological gypsum successfully treated with the same nutritional solution [22]. The remaining consolidation treatments did not
provoke any detectable mineralogical changes, which is not surprising considering that they all induce the formation of small amounts
of amorphous silica gel or zeolitic precursors difficult to detect and quantify with XRD.

XRD analysis of DMSO-treated oriented aggregates of the 1 mm thick outer surface layer of consolidated earth mock-ups provided
important information on the consolidants’ effect on the potential swelling capacity of clays. XRD patterns of untreated soil are
included for comparison (Fig. 2a). Note that the DMSO treatment not only caused an increase of the dyg;-spacing of smectites from
~15 A to ~18 A, but also affected kaolinite, leading to a shift of the dgg1-spacing from ~7.15 A to 11.2 A [32]. None of the
consolidation treatments was able to completely prevent clay swelling, but all led to a certain decrease. In particular, the XRD patterns
of the clay fraction of ethyl silicate treated mock-ups showed the smallest changes upon DMSO treatment (i.e., very small left-shift of
the low intensity 001 Bragg peak of smectite) (Fig. 2b). Apparently, ethyl silicate cemented clay particles effectively and limited their
preferential orientation with the [001] direction normal to the glass slide (i.e., with their (001) planes parallel to the glass slide, Fig. S2,
Supplementary Information) as indicated by the intensity increase and broadening of the general Bragg peak of clays at 4.46 A
(indicative of non-oriented clay minerals) and the intensity decrease of the corresponding 00l Bragg peaks as compared to the un-
treated sample. Cementation-induced disorientation of clay particles likely reduces anisotropic (i.e. directional) swelling strain and
associated stress. Nonetheless, individual smectite particles can still undergo expansion (Fig. S3, Supplementary Information), sug-
gesting that even in the case of the ethyl silicate-treated earth, limited clay swelling (and subsequently volume changes) can be ex-
pected and could degrade its consolidation efficacy over time as has been reported previously [10].

3.2. Mineralogical composition of the Alhambra rammed earth before and after consolidation

In the case of the rammed earth wall (powder samples) of the Alhambra fortress, XRD analyses of the clay-rich red layers showed
even larger compositional variations than those observed for the mock-ups, the former containing 15-25 wt% carbonates and 15-25 wt
% gypsum additional to 40-50 wt% clay, 15-25 wt% quartz, and ~5 wt% feldspars. The clay mineral composition was similar to that
of the earth mock-ups. The relatively high carbonate content is related to the construction technique, implying the presence of
remnants of the lime amendment in the clay-rich reddish layers. Regarding the origin of gypsum, it has been reported that gypsum was
occasionally used to fill putlog holes of interior rammed earth walls. Its presence is of concern since it is known to accelerate the
deterioration of earthen structures [34]. Gypsum could also serve as a sulfate source for the formation of ettringite during the alkaline
activation treatment and induce swelling damage [35]. However, ettringite was not detected with XRD or FESEM in any of the samples.
Note that apart from the relatively high carbonate and gypsum content, rammed earth samples showed a high degree of similarity with
the mock-up samples in terms of silicate mineralogy and contents, confirming that the source of the raw earth material was the same in
both cases (i.e., Alhambra formation). Unfortunately, the significant inhomogeneity of the rammed earth wall did not allow the
detection of any treatment-related mineralogical changes using XRD. However, TGA/DSC analyses (Fig. S4, Supplementary Infor-
mation) showed that the CaCOs3 content increased from 18 + 1 wt% before to 24 + 2 wt% after biomineralization treatment as
determined from the weight loss and corresponding endothermic band at 550-850 °C due to the reaction CaCO3 = CaO + CO,. The
value (6 wt%) of newly formed CaCOs is in good agreement with the amounts of calcite detected in limestone and tuff stone after
similar bacterial biomineralization treatment [16,21].

3.3. Bacterial population before and after biomineralization treatment

The total bacterial count revealed that indigenous carbonatogenic bacteria were effectively activated by the biomineralization
treatment. The total number of cultured bacteria increased by almost 4 orders of magnitude in earth mock-ups, from 6.59 + 1.20 x 103
CFU/g before treatment to 2.10 &+ 0.04 x 107 CFU/g after treatment [12]. The total bacteria count in the rammed earth wall at the
Alhambra increased from 7.34 + 1.37 x 10° CFU/g before to 2.71 + 0.40 x 10° CFU/g after treatment [12]. The slightly lower increase
after the in situ treatment is possibly due to less favorable environmental conditions (i.e., nightly temperatures dropped to ~15 °C and
the average RH was only ~45%). Optical microscopy observation of bacterial isolates cultured in M — 3P medium proved that all
activated bacteria were carbonatogenic and thus capable of inducing the precipitation of calcium carbonate. Note that the values
obtained in this study regarding original bacterial count and subsequent increase upon treatment are comparable to those observed for
other substrates successfully treated using the same approach, including limestone and tuff [16,21].
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3.4. Textural and microstructural features after treatment

FESEM provided important information on the modus operandi of the different consolidants. A FESEM image of the unconsolidated
rammed earth is included for comparison (Fig. 3a). Microscopic observations revealed the formation of a several micrometer thick
layer of aggregated nano-sized calcite particles in the case of the nanolime treatment, regardless of the substrate (i.e., mock-ups or
earthen wall at the Alhambra) (Fig. 3b). As the result of an interface-coupled dissolution-precipitation process, the original size of
portlandite particles of ~150 nm was maintained upon carbonation [36]. In the case of the biomineralization treatment, FESEM
allowed the detection of bacterial fission (Fig. 3¢) and the generation of bacterial calcium carbonate (BCC) covered by EPS (Fig. 3d and
e), thus offering unambiguous proof of enhanced carbonatogenic bacterial activity and confirming the effectiveness of the bio-
treatment in situ and in the laboratory [12].

TGA/DSC enabled the quantification of newly formed biomass corresponding to bacterial EPS (plus bacterial cells/debris) in the
observed biofilms. The organics content experienced a 3-fold increase from 0.2 wt% before to 0.7 wt% after biomineralization
treatment as indicated by the marked exothermic band at 250-450 °C in the DSC curve performed in flowing air (Fig. S4, Supple-
mentary Information).

The nanosilica-based consolidant applied in the laboratory and in situ formed a (~5-10 pm) compact layer made up of silica
nanoparticles (Fig. 4a and b), consistent with the size claimed by the manufacturer of the product (i.e., 10-20 nm). FESEM images
revealed discontinuities between substrate and consolidant layer (Fig. 4a arrow) as well as crack formation, likely due to the shrinking
of the silica gel film upon drying (Fig. 4b). Discontinuities between consolidant and substrate were also detected in the case of earth
mock-ups and the rammed earth wall treated with ethyl silicate (Fig. 4c). Crack formation and detachment have been reported pre-
viously in the case of nanosilica and ethyl silicate applied to various porous substrates [37]. In mock-ups treated with 2 M KOH so-
lution, the presence of an amorphous phase, showing typical drying cracks of a gel-phase, was observed (Fig. 4d), suggesting that the
treatment was successful in inducing mineral dissolution and formation of a cementing phase. We could not, however, unambiguous

Pt d
Soil spbs't}'gte“ )

Fig. 3. FESEM images of rammed earth before consolidation (a), after application of nanolime now converted into CaCO3 (b), and upon biomineralization treatment,
showing bacterial fission (c) as well as newly-formed bacterial calcium carbonate (BCC) cement covered by EPS (d and e).
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Fig. 4. FESEM images of rammed earth consolidated with nanosilica, showing discontinuity (arrow) between consolidant and substrate (a) and crack formation (b), as
well as earth mock-ups consolidated with ethyl silicate showing discontinuity (arrow) between consolidant and substrate (¢) and alkaline activation (d), showing gel-
phase with crack formation (arrow).
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identify such a gel-phase in the rammed earth wall treated with KOH solution.

3.5. Color changes after treatment application

Color change is an important aspect to be considered in the evaluation of consolidation treatments. In the case of laboratory-treated
earth mock-ups (Table 3), alkaline activation and biomineralization only caused small color changes (AE* ~3 units), not likely
perceivable by the human eye [38]. The color change induced by nanosilica was slightly larger, but below the acceptable limit for
conservation treatments (i.e., AE*<5 units [39]). However, this consolidant caused a slight gloss, being the only treatment that led to a
small difference (i.e., 0.8 & 0.3 units) in SCI (specular component included) and SCE (specular component excluded, only considering
diffuse reflection) values as compared to the remaining treatments, where the difference never exceeded 0.1 + 0.1 units (i.e., being
within experimental error). Ethyl silicate provoked a significant decrease in luminosity (i.e., darkening of the surface) and conse-
quently caused a considerable color change above the acceptable limit [39]. The most dramatic change, however, was induced by the
nanolime treatment, confirming visual observations and FESEM results, which revealed massive surface precipitation of calcite crystals
causing a whitish veil on the reddish earth surface. Lanzon et al. [4] reported a similar discoloration in the case of adobe treated with
diluted nanolime dispersions.

In the case of the in situ treatment, color measurements showed relatively large variations as a result of the significant in-
homogeneity of the lime-amended earthen surface (Table 3). All treatments, with the exception of the biomineralization treatment,
caused changes above the permissible limit, generally related to an increase in luminosity, especially nanolime- and nanosilica-treated
areas showing a dense whitish veil (Fig. 5a and b). In the case of the latter, microscopic observations evidenced massive cracking of the
consolidant layer due to rapid drying during the in situ treatment at low RH (Fig. S5, Supplementary Information). These cracks cause
diffuse light scattering and the treated surface appears white. The alkaline activation treatment induced an important change in the
visual perception of the lime-rich areas of the earthen wall (Fig. 5¢), which were originally covered by a dark biofilm. Apparently, the
high pH of the alkaline solution had a biocidal (bleaching) effect and resulted in the removal of the dark film.

3.6. Water behavior after consolidation treatment of earth mock-ups

Water immersion tests of earth mock-ups revealed drastic differences among the various consolidation treatments regarding their
protective action against material loss (Fig. 6). Ethyl silicate was the most effective consolidant and treated samples did not experience
any weight loss, even after prolonged immersion for up to 1 month (result not included in the graph). The calculated water absorption
rate was 4.5 + 0.2 wt%/day, which is much lower than that specified for high quality bricks (i.e., 15 wt%/day [40]). The extremely low
absorption rate suggests that hydrolysis of ethyl silicate was still not complete after 2 months of curing and conferred a high degree of
hydrophobicity to the earth mock-ups. The latter is consistent with the detected alcohol smell of the ethyl silicate-treated samples after
2 months storage. Biomineralization and alkaline activation substantially reduced material loss during the first 15-20 min as compared
with the untreated control, while nanolime and nanosilica showed little effectiveness. Test results revealed that the latter two
treatments only consolidated a superficially layer of <1 mm in thickness and a protective action was only observed during the first 5
min of immersion (Fig. 6, arrows). Weathering tests performed by Garcia-Vera et al. [41] gave similar results, showing no reduction in
erosion rates of earthen plasters treated with diluted nanolime (5 g/L). In an effort to improve the penetration of both consolidants, a
second set of samples was treated with diluted suspensions of nanolime (12.5 g/L) and nanosilica (15 wt% solid content). However,
these samples showed an identical behavior upon immersion in water as the first set of samples treated with the undiluted con-
solidants. These results are in agreement with findings by Borsoi et al. [37], who reported very limited penetration (0.5-1 mm) in the
case of diluted nanosilica suspension applied to lime mortar.

Static contact angle measurements of untreated and treated earth mock-ups (Table 4) revealed only moderate changes in contact
angle and none of the treatments rendered the earth surface hydrophobic, values being generally in the range typically reported for
hydrophilic silicate minerals such as quartz (0° < ® < 40°) [42]. This finding suggests that even though the bulk material of ethyl
silicate-consolidated mock-ups showed a high degree of hydrophobicity after 2 months (see above), some hydrolysis of alkoxide groups
had taken place at the surface, rendering it hydrophilic. Nanolime caused the largest increase (>>200%) in contact angle, the average
value being close to that reported for calcite (i.e., 42° [43]). The wettability of the earth surface did not change significantly in the
majority of treatments, and the 4 pL drops were absorbed within 2.6-6.1 s by untreated and treated samples. Only the ethyl silicate-

Table 3
Colorimetric coordinates and color change induced by consolidation treatments in the laboratory (mock-ups) and in situ (rammed earth wall).
Sample L* (Std. Dev.) a* (Std. Dev.) b* (Std. Dev.) AE* (Std. Dev.)
Laboratory Untreated 49.57 (£1.74) 11.82 (+1.74) 22.79 (+£1.74) -
Alkaline Act. 50.01 (£+1.25) 12.19 (£0.17) 23.55 (+0.33) 1.55 (+0.35)
Biomineral. 46.67 (+0.97) 12.45 (£0.24) 23.02 (£0.38) 3.21 (+£0.97)
Nanosilica 45.62 (+1.50) 11.84 (£0.37) 21.70 (40.88) 4.24 (£1.58)
Ethyl silicate 41.91 (+0.54) 12.31 (£0.20) 20.35 (+0.46) 8.06 (+0.61)
Nanolime 63.06 (+2.49) 4.75 (+0.76) —1.53 (+£1.70) 28.74 (+£2.77)
in situ Untreated 46.88 (+2.07) 14.20 (£1.27) 21.53 (+1.68) -
Alkaline Act. 53.79 (+2.60) 12.33 (+0.61) 20.20 (+0.66) 7.57 (£2.24)
Biomineral. 45.15 (+1.61) 15.68 (+£0.74) 22.00 (+0.56) 2.38 (£1.55)
Nanosilca 54.75 (+2.34) 10.23 (£0.99) 15.05 (£1.79) 28.93 (+11.99)
Ethyl silicate 47.86 (+3.25) 11.72 (£1.35) 19.98 (£1.67) 7.14 (£4.69)
Nanolime 57.91 (+3.64) 10.19 (£0.42) 13.06 (+£0.74) 35.99 (£5.50)
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Fig. 6. Weight loss (wt%) of earth mock-ups (4 x 4 x 4 cm) upon immersion in water for different periods of time and aspect of mock-ups after 5 min of immersion,
showing a thin consolidated surface layer (arrows) in the case of nanosilica (~600 pm thickness) and nanolime treatments (~200 pm thickness).

and lime-based consolidants delayed water drop absorption substantially, which now took 29.7 and 84.3 s, respectively. In the case of
the former this delay was likely related to the reduction in porosity (see below), whereas in the case of the latter, the thin layer of
calcium carbonate covering the earth surface rendered the surface slightly less hydrophilic as indicated by the observed increase in
contact angle.

Generally, WVTR values were not greatly affected by the majority of consolidation treatments (Table 4) and most variations are
likely due to small imperfections caused by the artisanal fabrication of the mock-ups. Only ethyl silicate-treated earth mock-ups
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Table 4
Contact angle, absorption time of a 4 yL water drop deposited on the earth surface, water vapor transmission rate (WVTR) of mock-ups, and porosity of mock-ups and

rammed earth samples before (untreated) and after consolidation (standard deviation included).

Sample Contact angle (°) Absorp. of H,0 drop (s) WVTR (g/m?/day) Porosity (%)
(mock-ups) (wall)

Untreated 11.2+ 1.0 2.6 +£0.2 177.1 £9.3 26.6 + 0.6 339+ 37
Ethyl silicate 24.6 + 2.4 84.3 +£11.6 116.7 + 0.8 20.7 £ 0.8 31.7 £238
Alkaline Act. 19.8 £ 5.1 5.6 + 0.5 157.6 + 14.2 26.9 £ 0.7 34.0 £ 8.5
Biomineral. 16.7 £ 0.4 3.3+1.0 161.7 + 3.1 24.8 +£0.7 33.5+ 6.6
Nanolime 36.6 + 4.4 29.7 + 3.7 173.6 + 5.6 25.6 + 0.7 35.8 £ 6.2
Nanosilica 222+ 4.5 6.1 +1.3 192.1 +3.3 25.4 £ 0.7 354+ 8.8

showed a drastic reduction in WVTR of 35%, consistent with a reduction in porosity and a shift in pore size distribution (PSD) (see

below).

3.7. Porosity before and after laboratory and in situ consolidation treatment

The total porosity of the untreated earth mock-ups and the rammed earth wall samples was within the range (i.e., 25-45%)
typically reported for comparable substrates [44-46]. Porosity measurements also provided important information regarding the
consolidation-induced changes, which affected the water (hydric and hygric) behavior of treated substrates. All untreated and treated
mock-ups showed a unimodal PSD with a maximum at 2.2-2.4 pm pore diameter. About 55-68% of the total pore volume corre-
sponded to pores with a diameter between 1 and 4 pm and 5.6-7.8% to pores with a diameter >4 pm. With the exception of ethyl
silicate, all consolidation treatments caused only minor changes in PSD and total porosity, which were within error and did not in-
fluence the water vapor permeability of the mock-ups significantly. This is not surprising in the case of nanolime- and nanosilica-based
consolidants as they only consolidated a very thin superficial layer of <1 mm in thickness and hardly affected the pore system of the
bulk material. The biomineralization treatment reduced the volume of pores with a diameter <0.1 pm by 50%, but, as indicated above,
only caused minor changes in the hygric behavior. Ethyl silicate filled an important amount of capillary pores, leading to a 27%
reduction in the volume of pores with a diameter <1 pm and a 22% reduction in total porosity. Consequently, connectivity of the pore
system was reduced, which explains the decrease in WVTR by more than 30% and the significantly slower absorption of water drops
(Table 4).

The total porosity of rammed earth wall samples was on average ~20% higher than that of earth mock-ups and showed important
variations depending on the state of degradation, which made the detection of any significant changes upon consolidation very
difficult (Table 4). Two pore populations were identified in untreated rammed earth samples (Fig. 7b). One population with pores
between 4 and 300 pm in diameter showing several maxima with an important contribution of macro- and megapores possibly due to
fracturing, and a second population with pores of <4 pm in diameter. Ethyl silicate was the only consolidant that induced a slight
decrease of 5% in total porosity; however, such a value was within error. PSD curves of rammed earth treated with either ethyl silicate
or nanosilica revealed a reduction in the volume of pores <4 pm in diameter and an additional maximum at 0.006 pm in diameter,
corresponding to gel pores in the newly formed silica gel [47]. The nanolime treatment, in contrast, seemed to have reduced the
volume of pores >30 pm in diameter and PDS curves showed an additional maximum at 0.1 pm in diameter, possibly related to pores
within the nanostructured CaCOs formed upon carbonation. The remaining consolidants did not modify the porosity and PSD
significantly, and are thus not shown in Fig. 7b.

3.8. Changes in mechanical strength after treatment

Compressive strength (Table 5) of untreated earth mock-ups was below standard specifications for earthen building materials (i.e.,
1.18-2.07 MPa [48]). The majority of consolidation treatments did not affect the samples’ compressive strength or drilling resistance
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Fig. 7. Log differential intrusion versus pore diameter (um) of representative earth mock-ups (a) and rammed earth (b) samples before and after treatment with

various consolidants.
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Table 5
Compressive strength and drilling resistance (DR) measurements of mock-ups and the rammed earth wall before and after consolidation (standard deviation included).
Sample Compress. Strength (MPa) (mock-ups) Drill. depth (mm) DR (N) DR (N)
(mock-ups) (wall)
Untreated 1.00 + 0.22 0-20 0.87 + 0.44 1.71 &+ 1.40
Nanolime 1.02 £ 0.11 0-20 1.11 £ 0.55 2.65 +1.79
Nanosilica 1.04 +0.18 0-0.6 2.70 + 0.43 2.53 +1.93
0.7-20 1.00 + 0.25 2.53 +1.93
Biomineral. 1.23 £ 0.10 0-20 1.00 + 0.44 1.61 +1.36
Alkaline Act. 1.30 £ 0.11 0-20 1.26 + 0.58 2.18 £1.78
Ethyl silicate 3.54 £0.13 0-6.5 12.16 + 2.63 2.87 +1.73
6.6-20 6.54 + 0.54 2.87 +1.73

(DR) significantly and changes observed were in most cases within error. Only ethyl silicate induced a drastic increase in compressive
strength (>300%) and in DR of earth mock-ups (Table 5). This increase in strength was especially evident up to 6.5 mm depth as shown
by DR measurements (Table 5, Fig. 8). This testing method also confirmed prior observations regarding the formation of a thin surface
layer with increased strength in the case of nanosilica-treated mock-ups, revealing a noticeable increase in strength over the first 0.6
mm (Table 5). As a result of the significant inhomogeneity of the rammed earth wall, characterized by the presence of coarse particles
(i.e., silicate rocks/pebbles such as quartzite and schist) and large voids often due to delamination and scaling, it was very difficult to
obtain reliable DR results in situ. In the analysis of the acquired DR data of untreated and treated rammed earth wall, spikes due to
larger hard mineral grains were not considered in order to establish a more accurate quantification of the possible strengthening effect
on the clay-rich matrix. However, the DR results presented here should rather be considered as a trend than as absolute values.
Considering the high standard deviation, none of the consolidation treatments induced significant changes in the mechanical strength
and small differences in strength might be substrate-related. Remarkably, ethyl silicate did not show the same effectiveness as observed
in the laboratory-treated mock-ups, likely because the consolidant was unable to fill larger voids as indicated by porosity measure-
ments, which remained basically unchanged upon treatment in the case of the rammed earth wall (Table 4).

The peeling test of laboratory-treated mock-ups showed important differences among the various consolidants (Table 6). Ethyl
silicate, nanosilica and nanolime improved surface cohesion significantly. Lanzon et al. [4] reported similar findings in the case of
adobe treated with nanolime, which reduced the amount of material removed by adhesive strips by 60%. Alkaline activation and
biomineralization treatments, in contrast, did not increase surface cohesion. Visual observations revealed an increase in surface
roughness in the case of earth mock-ups treated with the latter two consolidants, likely being the result of superficial erosion induced
by the application of these water-based consolidants.

Peeling tape test results at the Alhambra fortress (Table 6) showed large variations due to the significant inhomogeneity and surface
roughness of the severely eroded rammed earth surface. Indeed, the advanced state of deterioration led to weight losses, which were up
to two orders of magnitude higher than those of laboratory-treated mock-ups. Most consolidants induced only minor improvements
considering the large standard deviation. However, nanosilica improved the surface cohesion drastically, whereas the alkaline acti-
vation, as in the case of the earth mock-ups, might have even worsened surface cohesion slightly.

4. Discussion

Test results not only revealed significant differences in performance among the various consolidants, but also important limitations
regarding their in situ evaluation as it has also been described in the case of stone consolidation treatments [7]. Compared to many
other building materials, rammed earth is characterized by its often extreme inhomogeneity (i.e., compositional and textural
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Fig. 8. Representative drilling resistance profiles of selected mock-ups treated in the laboratory.
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Table 6
Peeling test results (weight loss, g/m?) of earth mock-ups and rammed earth wall before and after consolidation.
Sample Mock-ups (laboratory) Rammed earth wall (in situ)
Untreated 9.9 + 2.5 139.0 + 59.8
Ethyl silicate 1.0+1.2 101.1 + 40.9
Nanosilica 3.7+ 0.6 5.7 £5.0
Nanolime 47 +1.8 116.2 + 79.2
Biomineralization 13.5+23 115.4 + 63.3
Alkaline Activation 25.0 + 14.0 146.9 + 106.0

variations) caused by the presence of large pebbles and certain deterioration phenomena such as scaling. In the case of lime-amended
lime, inhomogeneity is further exacerbated as a result of substantial differences in mechanical strength between clay- and lime-rich
layers. Consequently, it was very difficult to obtain conclusive results with in situ evaluation methods such as drilling resistance or
peeling tape test measurements. The assessment was further complicated by the extreme roughness and low cohesion of the surface,
which excluded other common in situ test procedures such as ultrasonic velocity measurements or the Karsten tube test. Thus, labo-
ratory studies were essential to obtain an insight into the performance of the different consolidants, even though, questions might arise
regarding the transferability of these results due to differences in substrate properties, and environmental conditions during con-
solidant application [7]. To this regard the state of conservation of the earthen substrate has also to be considered, as degradation can
induce important compositional and textural changes.

Ethyl silicate, the most widely used consolidant for earthen structures since its first application in the late 1960s [1], had the biggest
impact on the weathering resistance of laboratory-treated mock-ups. Even though induced color changes were above the established
limit, its apparent effectiveness might make it the consolidant of choice. However, laboratory results showed that hydrolysis of ethyl
silicate was not complete after 2 months and that the improved weathering resistance was achieved at the expense of important
modifications of the pore system that limited water vapor transport and drastically increased compressive strength and drilling
resistance. These changes can lead to a significant difference in the physical-mechanical behavior between the consolidated outer layer
and the unconsolidated core and might cause scaling. In situ results did not confirm these findings and only minor changes in me-
chanical strength and porosity were observed upon treatment. This suggests that the impact of ethyl silicate greatly depends on the
substrate’s pore system, which in turn is influenced by the degree of degradation of the earthen structure. Chiari [49] stated that ethyl
silicate would not act as glue and Wheeler [13] pointed out that consolidation of porous substrates with pores >50 pm would not be
feasible. These assertions are in line with our findings, showing no changes in the volume of pores >4 pm of the severely eroded
rammed earth wall. Although ethyl silicate improved surface cohesion to a certain extent, FESEM images revealed discontinuities
between the soil substrate and the consolidant layer and XRD results suggest that clay swelling might not completely be prevented.
These findings question the long-term effectiveness of ethyl silicate-based consolidants for earthen structures. This is an issue that has
been raised previously in relation to clay-rich substrates, which undergo expansion and contraction due to changes in moisture content
[9,50]. Some experimental results even suggest that ethyl silicate could be responsible for an increase in clay swelling [13,51].
Additional laboratory and field studies are advised to determine the treatments long-term effectiveness in the case of clay-rich
substrates.

Alkaline activation using 2 M KOH solution had only a limited effect on the substrate’s mechanical strength, but improved its
weathering resistance. This was likely due to the formation of a gel-phase upon clay dissolution, which acted as a cementing agent,
even though the water-based consolidant seemed to have impacted surface cohesion negatively as revealed by peeling test results.
Previous studies involving KOH solution of higher concentration (5 M KOH), demonstrated higher efficacy regarding weathering and
strength improvements in earthen materials as compared to laboratory- and in situ-treated samples of this study, suggesting that a
correct dosing is of outmost importance [9,11]. In this respect, the application conditions have also to be considered. Indeed, the high
RH (~80%) maintained during application to facilitate dissolution-precipitation reactions impeded substrate drying and substantially
limited consolidant absorption under laboratory conditions, causing clay swelling and pore clogging in the water saturated substrate. It
seems advisable to maintain a moderate RH (50-60%) during consolidant application to guarantee adequate absorption, and increase
the RH during the subsequent curing process to promote clay dissolution and precipitation of cementitious phases. In the case of the in
situ treatment, the short curing period (i.e., 7 days) at relatively low RH was likely responsible for the limited treatment effectiveness.
Additional water spraying and plastic covering could be used to maintain a sufficiently high moisture content during curing, which
should last at least three weeks. A previous study [9] has shown that further increase in strength can be expected over time as
unreacted KOH continues to react as the substrate’s moisture content increases (during the rainy season) and generates additional
cementing phases. In situ observations at the Alhambra revealed that the alkaline activation treatment induced a noticeable color
change, especially in areas which were covered by a dark biofilm. On occasions the biocidal effect of the alkaline KOH solution might
suppose a positive side effect, making additional biocide treatments unnecessary. However, tests should be performed prior to any
applications to avoid any undesired visual impact.

The quantification of carbonatogenic bacteria proved the effectiveness of the biomineralization treatment involving the application
of a sterile nutritive solution, both, in the laboratory and in situ. Importantly, despite increased bacterial activity, no significant color
changes could be detected. Even though mechanical strength did not increase, laboratory results clearly showed an improvement of the
water resistance, as indicated by a significant reduction in material loss during water immersion, while WVTR and PSD remained
basically unaltered. Improved water resistance is likely related to the generation of bacterial calcium carbonate cement and
bacterially-derived EPS evidenced by FESEM, which promoted the cementation of clay particles and the formation of a protective
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biofilm upon laboratory and in situ treatment. Nonetheless, the treatment’s impact on the clays’ swelling capacity was limited ac-
cording to XRD and clear evidence for the intercalation of EPS into the interlayer space of expansive clay minerals that could reduce
clay swelling as observed in the case of tuff stone at the Maya site of Copan [21] was not obtained. Better results might be obtained by
prolonging the treatment duration or increasing T during treatment. Note that findings by Sun et al. [52] showed that at 30 °C calcium
carbonate precipitation rates of carbonatogenic bacteria (e.g. Bacillus megaterium) increased considerably over time, while they did
not differ significantly in the 15-25 °C T range. In any case, alternative biomineralization treatments should also be explored to
identify more effective strategies. Pathways based on the application of either a self-inoculation method using indigenous carbo-
natogenic bacteria capable of oxidative deamination of amino acids [16] or cultured ureolytic bacteria [53-55] seem viable candidates
for the consolidation of earthen structures. The former have successfully been applied for the consolidation of heavily degraded
limestone, while the latter have been used for the self-healing of concrete and the cementation of soil as they are able to produce high
amounts of carbonate within a short period of time [56]. Future studies should also focus on treatment-induced structural changes in
clay minerals and verify whether a long-lasting reduction in the soil’s swelling capacity can be achieved.

Nanolime and nanosilica treatments provoked a considerable color change of the reddish earthen substrate, with no improvement
in weathering resistance or mechanical strength other than an increase in cohesion of an extremely thin surface layer. These effects
where observed both in the laboratory and in situ. According to XRD analysis, both consolidants reduced clay swelling to a certain
extent. However, it has to be kept in mind that they only consolidated the outermost surface layer and had no effect on the bulk
material, potentially generating damage due to scaling of the consolidated layer. DR measurement and water immersion tests
confirmed the limited penetration (<1 mm) of both consolidants. In the case of nanosilica, penetration might be hindered as a result of
clay swelling induced by the water-based consolidant, which can cause a reduction in pore size and total porosity. Limited penetration
in the case of nanolime might be in part due to back migration during solvent evaporation. However, particle-substrate interactions
could also contribute to the problem. Camerini et al. [5] have shown that the attractive forces between silica and Ca(OH), nano-
particles, having opposite surface charge, caused flocculation and the formation of aggregates of up to 1 pm in size. Considering the
high content in silicate minerals in earthen materials, similar interactions could be at play, leading to clogging of capillary pores and
preventing adequate penetration. Presumably, the use of long-chain alcohols with higher vapor pressure (and lower evaporation rates)
could reduce back migration and might better shield nanolime particles by creating an external layer of alkyl chains following their
adsorption, which can promote steric repulsion ultimately preventing the formation of aggregates and facilitating penetration [57].

Overall, these results confirm previous findings [9,11], indicating that consolidant penetration is one of the most important pa-
rameters for a successful consolidation of earthen materials. Indeed, Chiari’s [49] recommendation regarding a minimum penetration
depth of at least 1-2 cm for earthen materials is in agreement with our observations. Furthermore, it has been shown that water-based
solutions (e.g. alkaline KOH solution) were able to penetrate earthen substrates quite well and consolidated a ~2 cm thick layer [9,11].
Likely, the high K* concentration of the alkaline solution counteracted clay swelling at least in part, thus enabling sufficient pene-
tration [14]. The same effect is to be expected for the water-based nutritional solution used for bacterial biomineralization, which
contains Ca?". It is therefore probable that bacterial biomineralization also occurs at a significant depth and not only at the surface of
the earthen wall.

5. Concluding remarks

Results of laboratory and in situ analyses and tests have shown that the consolidation of earthen architecture is complicated by
material-related aspects, which determine consolidant-substrate interactions. The conventional ethyl silicate-based consolidant had
the biggest impact on mechanical strength and weathering resistance in laboratory tests, but its in situ performance was limited.
Depending on pore size distribution, this consolidant can significantly modify the substrate’s water transport. Furthermore, its long-
term effectiveness might be limited as clay swelling is not completely prevented by the treatment, while a consolidated layer with a
very different physical-mechanical behavior from the bulk material is created. The remaining consolidants had only limited or no
impact on the substrate strength. Nanolime and nanosilica showed very limited penetration and only improved the cohesion of the
outermost surface layer, but did not increase water resistance of the bulk material. Consequently, their use might be limited to sub-
strates with powdery surface. Alkaline activation and biomineralization treatments, in contrast, improved the weathering resistance.
However, modifications to current application protocols of these novel consolidation treatments seem necessary to optimize their
efficacy when applied in situ. Laboratory tests should be performed to evaluate the feasibility of alternative biomineralization strategies
involving the self-inoculation of activated indigenous bacteria or application of cultured ureolytic bacteria. Additional nanoscale
studies are required to investigate the possible positive effect of intercalated bacterial-derived exopolymeric substances, as well as the
long-term impact of ethyl silicate, on the swelling behavior of the clay-rich earthen substrate. It would also be essential to unam-
biguously determine whether charge-related interactions between nanolime particles and silicate-rich substrates are, at least in part,
responsible for the observed limited consolidant penetration and whether the use of long-chain alcohols with lower vapor pressure
would promote steric repulsion and limit back migration and thus improve penetration.

Finally, our results proved that the in situ evaluation of the consolidants’ efficacy was very challenging due to the extreme in-
homogeneity of the earthen material commonly encountered, making laboratory studies indispensable as part of a comprehensive
evaluation that complement field assessment.
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