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Earth has been an important building material in many cultures over the course of history. However, it is
quite fragile compared with other building materials, requiring permanent maintenance and frequently
consolidation. Conventional consolidation treatments often had drawbacks due to limited penetration
and long-term effectiveness. In order to improve the earthen structure$ water resistance and mechan-
ical properties, an alternative consolidation treatment based on highly alkaline KOH solution has been

iij "l‘J"’rdS: evaluated on outdoor-exposed adobe walls and was compared to a standard ethyl silicate treatment. The
Ra;’n;e d-earth KOH treatment showed superior penetration and long-term effectiveness, causing partial dissolution of
Clay soil minerals and the formation of an amorphous phase with cementing properties. These mineralogical

changes reduced the soils swelling capacity and improved its weathering resistance and mechanical prop-
erties. The consolidation treatment did not induce the formation of harmful salts but caused important
color changes. Results indicate that lower concentrated KOH solution could be used, which would reduce
consolidation-induced color changes, potential salt crystallization, treatment costs, and environmental
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risks. Overall, alkaline consolidation appears to be a valid alternative to conventional treatments.

© 2019 Elsevier Masson SAS. All rights reserved.

1. Introduction and research aims

The use of earth or soil as a building material has a long tra-
dition and examples can be found in almost all cultures. Actually,
about 30% of the world’s population lives in earthen buildings [1].
In Spain important examples include the world-famous Alhambra
(Granada) (Fig. 1a and b) and the city wall of Niebla (Huelva) built
in the 12th century, but also recent rural houses in Aragon and
Castilla-Leén [2-5]. As a result of the increased interest in sustain-
able construction materials, adobe and rammed earth experienced
arevival during the last decade [6].

Compared with other building materials such as stone or fired
bricks, earth is a fragile material, especially considering its low
water resistance [7]. Consequently, the state of conservation of his-
toric earthen structures varies greatly, depending on the prevailing
climate conditions. In arid zones, earthen constructions might sur-
vive centuries requiring only minimum maintenance. However, in
more humid climates, including the semi-arid climate of southern
Spain, continuous alteration of the earth-based construction mate-
rial can be observed, which is mainly due to the significant clay
content of this building material. On the one hand, clay confers
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mechanical strength by serving as a binder for other soil fractions
such as silt, sand, and gravel. On the other hand, clay minerals
undergo swelling and contraction upon changes in equilibrium
moisture content induced by humidity changes, causing fracturing
and material loss. Clay swelling is especially significant in the case
of smectites and mixed layer clays, which suffer intracrystalline
swelling and are able to absorb large amounts of water, conse-
quently increasing their volume significantly and creating high
swelling pressure [8]. The earthen material’s intrinsic properties
together with unfavorable extrinsic factors (e.g., hygric/thermal-
induced shrinkage and expansion, mechanical erosion caused by
wind, rain, plant growth, or animal activity, and seismic events)
make a permanent maintenance program for earthen structures
necessary, which often includes consolidation treatments.
According to a survey published in 1999 [9], one of the most
urgent needs expressed by conservation specialists was the devel-
opment of an efficient and durable consolidation method for
earthen structures. This request still persists up to date. In the
past mainly synthetic polymers (e.g. acrylics or epoxy resin) and
alcoxysilanes have been used for consolidation [10]. Both classes of
consolidants do not cause changes in the soil’s clay mineralogy and
often only resultin short-term effectiveness due to limited penetra-
tion. Water continues to infiltrate into the structure and results in
swelling of the unconsolidated core material. Doehne and Price [11]
concluded that in the case of consolidation treatments for clay-rich
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Fig. 1. a: General view of the Alhambra fortress (Granada, Spain); b: a more detailed view of a rammed earth wall of the Alhambra fortress showing material loss due to

weathering.

stone the focus should be on reducing clay swelling and not simply
increasing mechanical strength.

Recently, we proposed an alternative consolidation method
which relies on the dissolution of clay minerals in a highly alkaline
environment and the formation of new mineral phases such as zeo-
lite precursors and/or zeolites, which are non-swelling and act as a
cementing material [12,13]. Additionally, alkaline treatments with
concentrated KOH solutions might reduce intracrystalline swelling
due to cation-exchange in the case of soils containing Na-smectites
[14] and contribute to a decrease in osmotic swelling by lowering
clay particle repulsion in the presence of an electrolyte (floccula-
tion) [15]. The proposed treatment has successfully been tested in
the case of adobe blocks under laboratory conditions [13]. How-
ever, in the mentioned study, adobe blocks were consolidated by
total immersion and stored in the laboratory for a prolonged period
of time at high RH and constant T, treatment conditions which can
generally not be achieved in field applications. Thus, the question
remained whether this alternative consolidation method would be
suitable for in situ applications. Here we present the results of a
comparative study of consolidation treatments applied by brush
on adobe test walls that were exposed outdoors for 18 months
in Granada, Southern Spain. In order to evaluate the performance
of the alkaline activation as a consolidation method for earthen
structures, an additional wall was treated with alcoxysilane as a ref-
erence and the performance of both treated walls was compared to
an untreated wall [ 10]. The study focused on mineralogical changes
induced by the consolidation treatments, penetration depth of con-
solidants, mechanical strength increase, weathering resistance and
color change. In comparison with the traditional ethyl silicate-
based treatment, the alkaline activation treatment showed better
long-term effectiveness, improving the earthen structure’s water
resistance and mechanical properties.

2. Materials and methods
2.1. Materials and sample preparation

Soil from the hills near the city of Granada (Alhambra Forma-
tion, Southern Spain) was collected for the preparation of adobe
blocks. This soil was historically used for the construction of earthen
structures including the Alhambra and the city walls of Granada
[16,17]. The soil was used without additives or special processing,
only pebbles bigger than 5 cm were removed by hand. Adobe blocks
were prepared according to traditional methods using wooden
frames which were wetted to facilitate unmolding. The soil was
mixed with water in a ratio of 3:1 by weight. After demold-
ing, blocks (22.5 x 11 x 8 cm) were turned on edge and sun-dried

for 2 weeks until no further weight change was observed. After-
wards, adobe blocks were stored for 6 months under controlled
laboratory conditions at 20+5°C and 35+ 10% RH. Three adobe
walls (HXLxW =35 x 36 x 11 cm) were constructed by laying three
courses of blocks (Fig. 2a). The same soil was used as mortar for
joining the individual adobe blocks. A wooden board (36x11 cm)
was used as a base to compensate for the irregular ground.

Two different consolidation treatments were applied by brush
on the completely dry adobe walls (Fig. 2b, Table 1). The applica-
tion protocols of both consolidants varied because of the different
mode of curing/interaction with the substrate. Ethyl silicate (Estel
1000) was applied 4 times over a 4-h period until apparent refusal
as recommended by the manufacturer [18]. A total of 3.7L/m?
Estel 1000/white sprite (1:1 by vol.) was applied (Table 1). Note
that the manufacturer recommends 0.5-3.0 L/m? in the case of the
undiluted product [18]. No standard protocol for the application
of alkaline consolidants to earthen structures exists and no appar-
ent refusal was observed in the case of the water-based 5M KOH
solution. The solution (7.3 L/m? in total) was applied 10 times over
a 7-day period to ensure optimum conditions for mineral disso-
lution and formation of cementing phases. Afterwards, the wall
was wetted every other day with dionized water (1.2L/m?2) for
another 2 weeks using a brush to avoid premature drying caused
by the extremely dry climate conditions (average RH and T=42%
and 23.5°C) during the KOH-treatment.

Personal protection equipment (i.e., protective clothing, gog-
gles, mask, and gloves) was used during the application of the highly
alkaline or solvent-based consolidants because both consolidants
could cause serious harm to skin, eyes, and respiratory system. Estel
1000 contains an organic solvent and ethanol vapors are released
during curing, which may pose a handicap under stringent volatile
organic carbon (VOC) regulations. No VOC, in contrast, is released
during KOH treatment. Both consolidants also pose serious risks
to the aquatic environment and care must be taken to avoid any
contamination, avoiding accidental spills and ensuring adequate
disposal.

Note that treatment costs (Table 1) are estimated based on mate-
rial cost only. The alkaline consolidation treatment will certainly
require more manpower than the treatment with ethyl silicate,
leading to an increase in actual cost depending on local salaries.

According to the manufacturer, Estel 1000 will take about 4
weeks to fully react [18]. In the case of the alkaline treatment,
laboratory results showed that satisfactory results were achieved
after about 7 weeks [13]. In order to ensure slow but complete
evaporation of solvents and to allow for sufficient time for reac-
tion, all walls were kept covered with plastic film for 2 months
prior to outdoor exposure (Fig. 2b). The untreated wall was also
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Fig. 2. a:Recently finished adobe wall with mortar joints still humid; b: walls protected with plastic film from premature evaporation of the solvents after the application of

the consolidants.

Table 1
Consolidant properties.

Product Company Concentration Solvent Amount of consolidant (L/m?) Cost (EUR/m?)?
Estel 1000 Ethyl silicate C.T.S., Spain 1:1 vol/vol White spirit 3.7 333
KOHPotassium Hydroxide Merck, Germany 5M Deionized water 7.3 16.6

2 As of March 2018, only material cost is included.

protected with plastic film to avoid any degradation during this
time.

2.2. Outdoor exposure

Untreated and treated adobe walls were exposed outdoors for
18 months on the roof top of the Faculty of Science Building (Uni-
versity of Granada), located in the city center of Granada, facing
SW. In order to prevent them from falling over during storms, the
lower corners of the walls were reinforced with cement mortar. The
climate of Granada can be described as Mediterranean with conti-
nental influence, characterized by hot summers and moderately
cold winters. During the outdoor exposure maximum T in summer
reached 42 °Cand minimum T in winter —6 °C, with diurnal changes
of up to 20°C (Fig. S1, Supplementary Materials) [19]. Average RH
ranged between ~40% in summer and ~75% in winter, with impor-
tant diurnal changes of up to 50%. The overall precipitation during
the exposure from September 2016 to February 2018 amounted to
559 mm (i.e., 373 mm/year), occurring mainly during the months
of October through April.

2.3. Analytical methods

The soil§ mineralogical composition was determined by X-
ray diffraction (XRD) using a X'Pert PRO (PANalytical B.V., UK)
equipped with Cu-Ko radiation; Ni filter; 45kV voltage; 40 mA
intensity; exploration range of 3° to 60° 20 and goniometer speed
of 0.05° 20 s~1. Identification and quantification was performed
using XPowder software [20] and experimental reference intensity
ratio (RIR) values. The Rietveld method [21] was used to deter-
mine the amorphous phase content, using a crystalline internal
standard (5 and 10 wt% metallic Si), which was thoroughly mixed
with the untreated and the consolidated soil samples. Rietveld
analysis was performed using TOPAS 6.0 (Bruker, USA) to obtain
best fittings and lowest residuals. In order to properly quantify
amorphous Si-rich phases, we performed the full-profile fitting
analysis using the 15-60 20 range. This way, contribution of low
angle scattering and preferentially oriented clay minerals (001
Bragg reflections) was prevented. Consequently, obtained quan-
titative results for phyllosilicates (smectite, illite, and kaolinite)

are not reliable. Conversely, quantification of amorphous Si-rich
phases is reliably performed for the experimental 20 range because
amorphous silica typically shows a broad scattering band centered
around 25-30 °26. Reported values are based on two analyses per
sample.

The untreated soil and soil consolidated with Estel 1000 and
KOH were studied using ATR-FTIR spectroscopy (Jasco 6200, JASCO
Analytical Instruments, Japan). Small powder samples were ana-
lyzed at a 2 cm~! resolution over 75 scans from 400 to 4000 cm™—1.

Field emission scanning electron microscopy (FESEM, AURIGA,
Carl Zeiss, Germany) coupled with energy dispersive spec-
troscopy (EDS) microanalysis (INCA-200, Oxford, UK) was used
to study the morphology and composition of unconsolidated
and consolidated adobe. The FESEM was operated at 10~4
Pa vacuum and 3kV (secondary electron imaging mode) and
20kV (microanalysis) acceleration voltage. Samples were carbon
coated.

The increase in mechanical strength upon consolidation and
the penetration depth of consolidants were determined using a
drilling resistance measurement system (DRMS, Sint Technology,
Italy) [22]. Tests were performed on completely dry untreated
and consolidated walls before and after outdoor exposure. Holes
were drilled normal to the largest exposed adobe surface. Reported
average values are based on 6 measurements per sample. The stan-
dard deviation is reported. Drilling parameters: 15 mm maximum
depth, 20 mm/min penetration rate, 200 rpm rotation speed and a
diamond-tip 5 mm diameter drill bit.

The pH of untreated and consolidated soils was measured before
and after outdoor exposure using a 905 Titrando coupled with a
pH-meter (Electrode Plus, Metrohm AG, Switzerland). For the mea-
surements, 2 g of soil was dispersed in 10 mL of deionized water and
kept at ~25°C for 24 h under periodic stirring.

Treatment-induced color changes were measured with a
spectrophotometer (CM-700d, Konika Minolta, Japan) using the
CIEL*a*b* color space (i.e., L* being luminosity; a* from +a* (red)
to —a* (green), and b* from +b* (yellow) to—b* (blue) [23]. Color
changes were expressed as AL*, Aa*, Ab*, and total color change
(AE*) was calculated according to the following formula: AE* =

(AL? + Aa? + Ab*z)l/z.
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Table 2
Semiquantitative powder XRD analysis (wt%) of untreated and consolidated soils
after 18 months of outdoor exposure.

Mineral phase Untreated soil Estel-treated soil KOH-treated soil

Phyllosilicates 56 52 45
Quarz 39 42 49
Calcite 2 1 2
Dolomite 1 1 1
Feldspars 2 3 4

Photographic documentation (Canon EOS D30, Japan) allowed
the qualitative evaluation of the consolidantsperformance over
time and the visualization of the different degradation pattern of
untreated and consolidated adobe walls during outdoor exposure.

3. Results and discussion

3.1. Mineralogical composition of adobe before and after
consolidation

According to semi-quantitative (error +£5wt%) powder XRD,
the untreated Alhambra Formation soil contained 55 4 5 wt% phyl-
losilicates and 454 5wt% quartz along with small amounts of
feldspars, calcite/dolomite, and iron oxihydroxides. The clay frac-
tion contained mainly illite (45 + 5 wt%) and kaolinite (30 &5 wt%)
and smaller amounts of smectites/interstratified illite/smectite
(154 5wt%), and paragonite (<10 wt%) [24]. The adobe specimens
revealed certain inhomogeneities (i.e., existence of bigger grains
of carbonates or quartz), which led to some quantitative varia-
tions in the mineralogical composition of the different samples.
The chemical composition based on X-ray fluorescence analysis of
the <1 mm fraction was compatible with the soils mineralogical
composition obtained by XRD (Table S1 in Supplementary Mate-
rials) [13]. Remarkably, the Alhambra Formation soil allowed the
fabrication of sound adobe blocks despite its relatively high clay
content. Commonly soils with a clay content of 5-30 % are recom-
mended for adobe [25,26]. Likely the absence of large amounts of
expansive clay minerals (i.e., smectites) in this soil permitted the
fabrication of sound adobe blocks, which did not show significant
shrinkage cracks upon drying.

According to XRD analysis, consolidation treatments did not
result in the formation of new crystalline mineral phases (Fig.
S2, Supplementary Materials). This is not unexpected, because
both consolidation treatments lead to the formation of amorphous
phases [13,27]. Rietveld analysis with an internal crystalline stan-
dard revealed a significant increase in amorphous phases in both
consolidated samples, from 6 + 2 wt% in the untreated soil to 17 £ 4
and 16+4wt% in samples treated with Estel and KOH, respec-
tively. In the case of Estel 1000 the formation of an amorphous
silica gel can be expected. Estel 1000 is a tetraethoxysilane, consist-
ing of silicon atoms bond to four ethoxy groups. Upon hydrolysis
(i.e., reaction with water present in the substrate or with ambi-
ent humidity) acidic groups are formed and ethanol is released.
During the following condensation reaction acidic groups of differ-
ent molecules react and form an amorphous silica gel (see FESEM
results below). At the same time water is released, which will be
available for further hydrolysis [27].

In the case of the KOH-treatment a highly alkaline environment
is created, which induces mineral dissolution and the formation
of amorphous zeolite precursor gel (see FESEM results below) [13].
Primarily fine-grained materials (i.e., clay minerals) will be affected
by the alkaline treatment, because they are more reactive due to
their higher specific surface area [28]. It is, thus, not surprising
that the clay content in KOH-treated soil decreased by ~10wt%
as compared to the untreated sample (Table 2) according to semi-
quantitative XRD analysis of powder samples. XRD analysis of the

<2 wm fraction revealed that smectite and kaolinite dissolved more
readily than illite (Fig. 3). The low-intensity, broad band centered at
~14.5 A corresponding to smectite disappeared completely in KOH-
treated samples and the illite/kaolinite ratio decreased from 1.51
in the untreated soil to 0.75 after KOH consolidation. These results
are in agreement with previous findings, demonstrating that smec-
tite and kaolinite were more reactive and dissolved faster thanillite,
which showed a higher resistance towards the action of the alkaline
treatment [13]. According to Schoonheydt and Johnston [29], differ-
ences in clay reactivity can be explained by structural and chemical
differences of the clay minerals. In the case of smectite and illite,
differences in the chemical composition, which influence the layer
charge density and nature of interlayer cations, have an important
effect on the clays$§welling behavior. Consequently, smectite suffers
intracrystalline swelling and offers a larger reactive surface area
when in contact with water. Kaolinite, a 1:1 clay, shows extensive
dissolution due to the presence of hydroxyl groups at the gibbsite
layer, offering additional reactive sites as compared to 2:1 clays
(i.e., illite and smectite). XRD patterns of the <2 pwm fraction also
revealed a lower intensity of the Bragg peak at 4.49 A, common to
most clay minerals, in the case of the untreated soil as compared to
the consolidated counterparts. The lower intensity of this peak in
the former sample suggests a higher degree of orientation of clay
minerals following preparation of the oriented aggregates. Likely,
in the case of the consolidated soils, the formation of an amorphous
phase resulted in the cementation of part of the clay minerals and
prevented their preferred orientation along the basal plane during
preparation of oriented aggregates for XRD analysis.

A previous study suggested that potentially harmful salts (i.e.,
K,CO3 or KHCO3) might form during the treatment with KOH. In
a few isolated cases highly soluble carbonate phases formed upon
reaction of excess KOH with atmospheric CO, [13]. However, in
the case of the KOH-treated adobe wall of this study XRD analy-
sis has provided no evidence for the formation of these harmful
salts (Fig. 3). This was not unexpected. On the one hand, CO, dif-
fusion was limited by the high moisture content of the adobe
(i.e., soil pores being filled with water) during the KOH treat-
ment. As a result, the formation of a zeolitic precursor should be
favoured over the carbonation of KOH [30]. On the other hand, the
high solubility of potassium carbonate/bicarbonate (i.e., 112 and
33.7g/100 mL (20°C), respectively) makes it very likely that most
of these salts would be washed off by the direct impact of rain expe-
rienced by the adobe wall over the course of the outdoor exposure
test.

3.2. ATR-FTIR analysis of adobe walls

ATR-FTIR data is coherent with the mineralogical composition
dominated by quartz, illite, and kaolinite according to XRD. Anal-
yses revealed very similar spectra for untreated and consolidated
soil samples after the 18-month outdoor exposure (Fig. 4). All sam-
ples had bands at 3694 and 3629 cm~!, corresponding to stretching
vibrations of the inner-surface hydroxyl groups of clay minerals
[32,33]. A broad band at 992 with a shoulder at 1115cm™! as well
as a narrow band at ~910cm~! were assigned to Si-O stretch-
ing vibration and bending vibrations of OH from octahedral sites,
respectively [34]. Low intensity bands at 797 and 687 cm~! were
produced by Si-O stretching vibrations of quartz and the peaks
at 750 and 523 cm~! correspond to Al-O-Si stretching and defor-
mation bands of kaolinite [32]. The spectrum of the surface layer
of KOH-treated soil showed additional weak bands at 1415 and
873 cm1, which are indicative of carbonates. However, it was not
possible to determine the exact nature of these carbonates, because
bands specific to particular carbonates (e.g., a band at ~710cm™!
indicative of calcite) were not observed [35].
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Fig. 3. XRD pattern of the <2 wm fraction of untreated soil and soil consolidated with Estel 1000 and 5M KOH solution. Sme: smectite; Ilt: illite; KIn: kaolinite; Qz: quartz;
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Fig. 4. ATR-FTIR spectra of untreated soil and soil consolidated with Estel 1000 and
5M KOH after 18 months of outdoor exposure.

3.3. Morphological changes in consolidated adobe walls

FESEM images revealed the formation of a gel-like structure
(i.e., likely an amorphous zeolitic precursor, arrow in Fig. 5b) in
the KOH-treated soil before outdoor exposure. For comparison an
image of the untreated soil is included (Fig. 5a). Note that it is
not surprising that no crystalline zeolitic phases were observed.
A previous study [13] showed that zeolites only formed after pro-
longed alkaline treatment (i.e., zeolite K-I and chabazite formed
in Alhambra formation soil treated with 5M KOH after 4 months

and 1 year, respectively). After 2 months of outdoor exposure some
blocky crystals (Fig. 5c, arrows) were detected on a small scale,
which had fallen off the KOH-treated wall. These crystals con-
tained Ca, K, Al, Si, and a small amount of Mg. They could not
be identified unambiguously based on morphological features and
chemical composition, but might correspond to an intergrowth
of calcium/potassium carbonates and a zeolitic phase. Further-
more, oriented trigonal crystals formed by aggregates of nano-sized
magnesium- and calcium-containing particles were detected on a
detached scale after 6 months (Fig. 5d). Based on habit and com-
position these phases were identified as calcite and magnesium
carbonate (i.e., hydromagnesite) phases, which had precipitated on
the clay substrate. Apparently, dolomite partially dissolved under
the high pH conditions and reprecipitated as a mixture of cal-
cite/hydromagnesite [36] following the reactions:

CaMg(CO3), + 40H" = Ca(OH); + Mg(OH), + 2CO3=

Ca(OH)2 + CO, = CaCO3 + H,0

SMg(OH)Z +4C0, + Hy,0 = Mgs5(CO3 )4(OH),-5H,0

Theoretically, these newly precipitated calcite/magnesium car-
bonates could contribute to the cementation of soil and improve its
mechanical properties [37]. In any case, the amount of both phases
must have beenrather small (i.e., < 5 wt%) because they could not be
detected with XRD. It is noteworthy that besides the very limited
scaling at the beginning of the outdoor exposure, no salt crystal-
lization or damage was detected in the case of the KOH-treated
adobe wall. The Estel treatment resulted in the formation of an
amorphous silica film, which was not continuous and only par-
tially covered the soil particles (Fig. 5e). The consolidant did not
seem to have penetrated into the porous soil structure and film
fragments remained as a partial superficial covering. Likely, stress
and associated strain induced by the expansion and contraction of
clay minerals had caused fracturing and partial scaling of the ethyl
silicate film.

3.4. Mechanical strength of adobe walls

The drilling resistance was measured before and after outdoor
exposure. Measurements were complicated by the considerable
inhomogeneity of the material. The presence of macropores and
large mineral grains of significant hardness (i.e., feldspars or
quartz) resulted in spikes of up to 65N (Fig.6). In order to obtain
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Fig. 5. FESEM images of a: untreated soil showing clay particles with characteristic platy morphology; b: KOH-treated soil before outdoor exposure, showing gel-like phase
forming a ring-like structure (arrow); c: KOH-treated soil (scale) after 2 months of outdoor exposure, showing the formation of blocky crystals; d: KOH-treated soil (scale)
after 6 months, showing threefold symmetry of trigonal carbonate crystals, and e: Estel-treated soil before outdoor exposure, showing a partially detached (arrows) and

fractured amorphous ethyl silicate film.

reasonable average values, data corresponding to these spikes
were not considered. Measurements before outdoor exposure
revealed that both consolidants had resulted in an increase in
mechanical strength, which was, however, significantly higher in
the case of the KOH-treated wall (Table 3). At a depth of ~8 mm the
drilling resistance started to decrease in the KOH-treated material,
but was still twice as high as the unconsolidated adobe. With Estel
1000 only an outer surface layer of 4-5 mm experienced a strength
increase of ~90%, while at greater depth strength was almost equal
to that of the untreated wall. The DRMS results suggest that the
penetration of Estel 1000 was limited to the first 4-5 mm, which
was confirmed by photographic evidence (see below). The KOH
treatment, in contrast, reached much deeper zones and resulted
in a strength increase over the entire 15 mm penetration depth
of the drilling resistance test. A previous laboratory study [13],
using identical soil and a KOH-solution of identical concentration,
showed a similar tendency regarding the consolidation-induced
improvement in drilling resistance, which increased by almost 60%
from 4.35 £ 0.48 N in untreated soil to 6.92 +0.78 N in KOH-treated
soil. The strength increase in KOH-treated adobe can be attributed

Table 3
Average drilling resistance of untreated and consolidated adobe walls before and
after outdoor exposure.

Sample Force (N) and

Standard deviation

before outdoor exposure
untreated
5M KOH solution

2.85+0.38

8.43 4+ 0.83 (<8 mm depth)
5.95+1.04 (=8 mm depth)
5.50+£0.50 (<5 mm depth)
3.5440.49 (=5 mm depth)

Estel 1000

after outdoor exposure
untreated
5M KOH solution

3.39+148

10.46 £+ 2.25 (< 8 mm depth)
5.58 +£1.24 (> 8 mm depth)
2.67 £1.04 (<5mm depth)
2.5440.91 (> 5mm depth)

Estel 1000

to the presence of an amorphous phase (i.e., a zeolitic precursor),
which has cementing properties [38].

In the case of Estel 1000, the formation of amorphous silica gel
can be held responsible for the observed strength increase. During
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Fig. 6. Representative drilling resistance curves of untreated soil and soil treated
with 5M KOH solution and Estel 1000 before outdoor exposure (trend lines are
included).

Table 4

pH of untreated and consolidated soil before and after outdoor exposure.
Sample before after
untreated 8.0 7.9
5M KOH solution 10.3 10.0
Estel 1000 7.4 7.8

the condensation reaction of ethyl silicate, acidic groups might not
only interact with each other to form amorphous silica gel but also
with the hydroxyl groups at the clay particlesSurface. The formation
of strong Si-O-Si bonds between consolidant and clay particles will
lead to a cementation of the earthen structure, which explains the
observed strength increase [27]. After outdoor exposure, drilling
resistance measurements generally revealed greater spread of data
(Table 3).In the case of the ethyl silicate-treated wall, the consolida-
tion effect was no longer observed. Actually samples disintegrated
easily during the drilling process. The KOH-treated wall, in con-
trast, showed a further increase in mechanical strength over the
first 8 mm. Likely, the formation of cementing phases continued
upon periodic wetting during the rainy season, facilitating mineral
dissolution and the precipitation of additional amorphous zeolitic
precursor. Actually, pH-measurements revealed that the pH did not
change significantly over the course of the treatment and remained
at~10(Table 4), indicating that unreacted KOH must have still been
present after the 18-month outdoor exposure.

3.5. Weathering resistance

After the 18-month outdoor exposure significant differences
in the weathering resistance of untreated and consolidated adobe
walls were detected. The direct impact of rain and the associated
swelling and contraction of clay minerals generally resulted in crack
formation and material loss, which was most severe in the case of
the untreated adobe wall. The ethyl silicate treatment improved
the weathering resistance of adobe to a certain extent. However,
over time the consolidating effect of the treatment diminished and
crack formation was observed after 2 months in the Estel-treated
wall (Fig. 7).

According to Wendler et al. [39], the repeated volume changes
of clay minerals result in a loosening of the bonds between the
polysiloxane and the mineral surface, and ultimately decrease the
efficiency of the treatment. Occasionally, it has even been suggested
that the ethyl silicate treatment might actually increase the expan-
sion of clay minerals, thus accelerating degradation [40,41]. Further
exposure and periodic heavy rain impact caused crack formation
in all walls and the untreated wall started losing material after 4
months of exposure. At the end of the 18-month outdoor exposure,
the Estel-treated and the untreated wall had suffered severe mate-
rial loss, whereas the material loss of the KOH-treated wall was
<1wt% (Fig. 8).

Apparently, the different penetration depths achieved with both
consolidants had an important influence on the wallsweathering
resistance. The limited penetration of Estel 1000 only resulted
in a consolidation of the first 5mm of the adobe wall. Conse-
quently, water could easily penetrate through fine cracks and led
to continued expansion and shrinkage of the unconsolidated core
material. Note that the finding regarding ethyl silicate$ limited pen-
etration is in agreement with results from a previous laboratory
study, showing a penetration depth of only ~4mm in 4 x 4 x 4cm
adobe blocks consolidated by immersion with Estel 1000 (Fig. S3.,
Supplementary Materials). Published data on penetration depth
of alkoxysilane-based consolidants applied to adobe, which could
serve for comparison, are very limited. Results by Ahmadi [42] cor-
roborate our findings, showing a penetration depth of only 3-4 mm
in the case of different ethyl silicates applied by brush to adobe
samples.

The better effectiveness of the KOH treatment can be explained
with the much deeper penetration achieved with this consolidant
(i.e., visual observations revealed a penetration depth of ~20 mm).
The amorphous zeolitic precursor gel created a durable cement,
binding clay particles and reducing the effect of climate-induced
volume changes of the earthen structures. Note that by comparing
KOH and KCl-treated soil we have previously been able to deter-
mine that cation exchange or flocculation played only a subordinate
role in the improvement of the soil§ weathering resistance [13].
In summary, it was apparent that the KOH treatment significantly
improved the weathering resistance of the earthen material, even
though, the crack formation was not prevented completely.

It should also be pointed out that water vapor transmission,
which is an important parameter to be considered in the evalu-
ation of consolidation treatments, was not negatively affected by
the alkaline activation treatment. Porosity and pore size distri-
bution are the main factors influencing water vapor transport in
porous materials. A previous laboratory study using identical soil
[13] revealed that the porosity of KOH-treated sample increased
only slightly as compared to untreated soil (i.e., a 7% increase
from 24.7 £0.7% in untreated soil to 26.5 +1.2% in KOH-treated
soil). This increase was due to a minor increase of the pore vol-
ume > 1 pm caused by microcrack formation, while the pore size
distribution and volume <1 pmremained basically unchanged. The
water vapor transport was thus not hindered by the consolidation
treatment.
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Fig. 8. Adobe walls after 18-month outdoor exposure a: consolidated with Estel 1000; b: untreated soil, and c: consolidated with KOH.

Table 5
Color measurements of the untreated and consolidated adobe wall.

L a b’ AL Aa’ Ab' AE

untreated  43.59 17.75 22.16
+0.57 +0.82  +0.97

Estel 1000 48.46 14.92 20.07 487 -283 -2.09 6.15
+226 +0.68 +0.60 +2.26 +0.68 +0.60 +2.01

5M KOH 52.54 18.60  28.13 8.94 0.85 5.97 10.84
+094 +0.54 +0.66 +094 +054 +0.66 +0.69

The weathering test also disclosed the importance of capping.
Crack formation, ultimately leading to material loss, always started
at the top of the earthen walls and could certainly be limited to
an important degree by applying renders, bricks, or roof tiles [43].
Chiari [26] recognized the importance of combining consolidation
treatments with capping to prolong the service life of earthen struc-
tures.

3.6. Color changes upon consolidation treatments

Both consolidants caused significant color changes well above
the acceptable limit (i.e., AE<3 [44]) for human perception
(Table 5). Estel 1000 changed the adobe’s color to a more green-
ish/bluish shade, whereas the KOH solution caused a change
towards a more yellowish/reddish shade. Luminosity increased in
both cases, the increase being more severe in the case of the KOH
treatment. Changes in the chromatic characteristics are of great
concern in conservation treatments and future studies should be
carried out to determine whether the concentration of the KOH

solution could be lowered in order to reduce the treatment-induced
color change.

4. Conclusions

Experimental results revealed that the alkaline treatment was
more effective in improving the water resistance and mechanical
strength of earthen material than the commonly used alkoxysilane-
based consolidant. This outcome is remarkably, considering that
the KOH-consolidant was applied under very unfavorable envi-
ronmental conditions during the hot summer season (i.e., low RH
and high T). It was also shown that penetration depth was one
of the most decisive factors for the successful consolidation of
adobe. With the KOH treatment a penetration depth of ~20 mm
was achieved, whereas ethyl silicate only reached ~5 mm. It might
be argued that better penetration could be achieved with ethyl sili-
cate in the case of deteriorated earthen structures, which generally
show increased porosity. However, it can be expected that water
will always be able to penetrate through fine cracks and induce clay
swelling of the unconsolidated core of the adobe wall. Repeated
climate-induced volume changes of the earthen material reduced
the consolidation effect of ethyl silicate over time as evidenced
by drilling resistance measurements after the 18-month outdoor
exposure. Apparently, the KOH treatment provided a better con-
solidation efficacy, which did not diminish over time according to
resistance measurements.

The KOH treatment caused the dissolution of clay minerals, but
did not induce the formation of harmful salts according to XRD.
Furthermore, FESEM-EDS and XRD analysis revealed that an amor-
phous silica gel formed in the Estel-treated soil. The KOH treatment
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also resulted in the formation of an amorphous phase, possibly
a zeolitic precursor, which caused a durable cementation of clay
particles and significantly increased the weathering resistance and
mechanical strength.

Drilling resistance measurements of KOH-treated soil revealed
that the mechanical strength further increased during the 18-
month outdoor exposure and that final resistance was more than
three times higher than that of the untreated soil. Furthermore, pH
measurements confirmed that excess KOH was still available for
reaction after the 18-month exposure, which suggests that lower
concentrated KOH solutions could be used in order to obtain an
effective consolidation. The use of lower concentrated KOH solu-
tions would also reduce the environmental impact as well as the
risk of possible salt formation and color changes. In addition, treat-
ment costs would decrease. The cost of the KOH solution is actually
lower than that of ethyl silicate. However, the alkaline treatment
might be more laborious because the earthen structure has to be
wetted periodically to ensure an adequate consolidation. In order
to reduce labor, the treatment schedule should be adapted to sea-
sonal conditions (i.e., avoiding hot summer months) to avoid rapid
drying of the treated structures. Actually, consolidation treatments
with KOH could be applied during the rainy season, because, in con-
trast to conventional consolidation treatments based on synthetic
polymers or alkoxysilanes, its consolidation efficacy is not jeopar-
dized by the earthen structure’s high moisture content. Treatment
during cold winter months, however, is not recommended because
alkaline reactions are halted at low temperatures. Future studies
should evaluate the feasibility of this novel consolidation method
for large scale applications in situ.
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