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Earth is probably the most eco-friendly building material. However, since earthen materials dissolve in water
easily their application is limited. The presented manuscript aims to verify the usefulness of a one-part geo-
polymer developed at BAM as a stabilizing agent for earthen mortars. The experimental study encompasses
water-resistance, compressive strength, linear shrinkage, water vapour permeability and microstructural anal-
ysis of the reference and the modified earthen plaster. The presented results show that the modification visibly
affects the properties of the initial material providing its water-resistance.

1 Introduction

Concrete as the most popular building material in the world is burdened with a massive carbon footprint and
significantly contributes to the global warming effect /1, 2/. Hence, there is an urgent need to direct the attention
of the building industry to more eco-friendly solutions. Among numerous approaches earthen materials show
a great potential for becoming a common choice in western building industry. They are harmless to the envi-
ronment, widely accessible, recyclable (if not modified) and show unique hygro-thermal properties providing
good indoor climate /3/. However, the biggest drawback is that unmodified earthen materials are susceptible
to water. According to the authors of /4/ the average annual erosion rate (defined as a decrease in thickness)
of a rammed earth wall located on the campus of the Massachusetts Institute of Technology (USA) ranged
from 0.55 mm to 0.77 mm. As reported in /5/ the situation is even worse in Taos Pueblo in New Mexico (USA),
where adobe dwellings erode at a pace of 1.27 mm/year. Outside of Germany earthen materials are commonly
stabilized with cement, which provides their water-resistance, but simultaneously disrupts the concept of a
carbon-neutral material /6/. Hence, there is a great demand for some greener approach. The research pre-
sented in the manuscript aims at addressing this issue. In the proposed methodology earthen mortar is stabi-
lized with a one-part geopolymer. The experimental analysis conducted was designed to verify the feasibility
of this solution for an earthen mortar. Geopolymers, which are currently widely researched as an alternative
for Portland cement, are formed by mixing a source of alumina-silica ions such as metakaolin with an alkaline
activator /7/. In the presented research calcined clay and power plant biomass ash were used as raw materials.
The biomass ash is a by-product from a biomass plant of the company Vattenfall. It is formed during combus-
tion of wooden chips coming from short rotation plantations. The presented research plan was designed to
examine the influence of geopolymer modification on earthen mortar. Firstly, the water-resistance of the mod-
ified material was verified. Secondly, the basic parameters such as density, compressive strength, linear
shrinkage, and water vapour permeability were tested. Finally, the impact of the modification on material mi-
crostructure was tested by means of mercury intrusion porosimetry. The presented results prove that the mod-
ified material is water-resistant and characterized by much lower shrinkage than the reference. On the other
hand, the combination of geopolymer and earth forms more porous structure, which results in lower compres-
sive strength, which will be thoroughly considered in the future research.

2 Experimental section

2.1 Materials

The presented research program was conducted on two types of earthen material. The non-modified earthen
mortar consisting of clay and sand was considered as a reference material and denoted as REF. The applied
clay-to-sand ratio was 0.4. In the second material tested, which is denoted as MOD, 50% by weight of clay
was replaced with dry components of geopolymer, which consisted of biomass ash (60% by weight) and cal-
cined clay (40% by weight). The compositions of the materials tested are presented in Table 1.
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Both earth and clay used for calcination came from North Rhine-Westphalia and were provided by Conluto

Inc. The biomass ash was supplied by Vattenfall.

Table 1: Compositions of the investigated materials in g per 1 kg of a ready mixture.

Unit REF MOD

Earth 237.1 118.6

Sand 592.9 592.9
Ash g/ 0 71.1
Calcined clay 0 47.4
Water 170 170
Consistency /cm/ 175 170

The calcination of the clay used for the modified samples (MOD) was realized in a muffle furnace at 700°C for
3 hours. To detect phases, which undergo decomposition during the process the same parameters were used
in the thermogravimetric analysis performed on a small portion of the investigated clay (~35 mg). The results,
which constitute the mean value of three samples are presented in Figure 1. There are four visible exothermic
peaks in the derivative mass curve. In terms of clay calcination, the most important transitions begin above
approx. 400 °C, which reflects dehydroxylation of clay minerals /8/. Generally, it is acclaimed that the reaction
for 1:1 minerals like kaolinite occurs in lower temperatures and covers a narrower range than the reaction for
2:1 minerals like montmorillonite, illite and pyrophyllite among others /9/. The largest peak, which ranges from
400 °C to 600 °C corresponds to kaolinite decomposition, resulting in the formation of highly reactive me-
takaolin /10, 11/. This is beneficial in terms of potential binding properties of the calcined clay. With increasing
heating the next much smaller peak appears, which reflects dehydroxylation of 2:1 minerals. Due to overlap-
ping temperatures within this peak it is impossible to specify which specific phases are decomposed.

decomyp
evaporable

005 water  oxyhydroxides
dehydroxylation
of kaolinite "

600

dehydroxylation of
2:1 clay minerals
(montmorillonite,
illite)

w S
8 8
TEMPERATURE ['C]

DERIV. MASS [%/'C]
g [l
()]

N
o
o

0.45 100

-0.5 0

0 10 20 30 40 50
TIME [min]
Figure 1: Derivative mass curve (solid line) and temperature monitored during TGA experiment.

All samples were prepared in two steps. After mixing the dry ingredients for 1 min, an appropriate dose of
water was added, and the mixture was stirred in a laboratory mixer for 3 min. Finally, samples were moulded
and compacted manually by three bumps over a table surface. Experiments were started after 28 days of
maturing at laboratory conditions (T=20 + 2 °C, RH=50 £ 5%)..
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2.2 Methods

2.2.1 Water-resistance

Water resistance was investigated on three cubic samples (2x2x2 cm3). Specimens were firstly measured with
the accuracy of 0.1 mm, and then immersed in water for 7 days. After this time samples were taken out of
water (providing their integrity was maintained) and stored at laboratory conditions (T=20 £ 2 °C, RH=50 £ 5%)
for the next 7 days. Then, specimens were measured again. Each dimension constitutes an average of at least
five measurements. Water-resistance was assessed based on the change in samples’ dimensions.

2.2.2 Density

Density was determined according to DIN 18947 /12/ on three prismatic samples (4x4x16 cm?®) of each com-
position. After 28 days of maturing both mass and dimensions of each sample were determined. Specimens
were measured using a calliper of an accuracy of 0.1 mm.

2.2.3 Compressive strength

Compressive strength was measured according to DIN EN 1015-11 /13/. The test was performed on three
prismatic samples (4x4x16 cm?®) of each composition. Samples broken in halves were compressed in a hy-
draulic press with a pace of 50 N/s. The compressive strength was determined based on the value of the
destruction force.

2.2.4 Linear shrinkage

Shrinkage was measured according to DIN 18947 /12/ on three prismatic samples (4x4x16 cm®) of each com-
position. Samples were measured with a calliper with the accuracy of 0.1mm. The linear shrinkage was calcu-
lated as the change of dimension with respect to the inner length of the mould.

2.2.5 Water vapour permeability

The water vapour resistance factor, uy, was determined according to EN ISO 12572 /14/ using the wet cup
method. For ensuring a relative humidity of 93% a saturated solution of ammonium dihydrogen phosphate,
was stored inside the cups and the samples were tightly installed in lids of each vessel. Such cups were stored
at laboratory conditions (T=20 + 2 °C, RH=50 + 5%) and their mass decrease was monitored until equilibrium.
Based on the drop in mass at specific time the u factor was determined.

2.2.6 Mercury intrusion porosimetry

Mercury intrusion porosimetry (MIP) is a technique of microstructural analysis. It is widely accepted as a ref-
erence method for cement-based materials; however it can also provide important information about porosity
of clay materials /15, 16/. The method relies on the non-wetting properties of mercury, which is squeezed into
a porous body by exerting external pressure and is subsequently filling the porous system from the wider to
the smaller pores. The relation between the dimension of a pore being filled and the value of pressure is
described by the Washburn formula /17/. Using MIP analysis one needs to be aware of its limitations- For
example only open porosity can be detected and bigger pores are underestimated due to the ink-bottle effect
/17/. The analysis was conducted on AutoPore IV Micrometrics device, assuming the contact angle 6 = 140°
and mercury surface tension y = 0,485 N/m /17/. With the parameters used the minimum pore diameter de-
tectable by the utilized device is 6 nm.
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3 Results and discussion

3.1 Water-resistance

Water-resistance was treated as the key factor in assessing the modified material. After full immersion of the
samples in the water bath the reference mortar started to disintegrate immediately while the MOD samples
were preserved over the duration of the experiment. Figure 2 presents photographs of both types of samples
after 10 minutes of immersion. The modified samples maintained its integrity until the end of the test so that
the change in dimensions could be logged (Table 2). As the change in dimension did not exceed 0.5% under
fullimmersion in water it can be concluded that the modification provides water resistance and the investigated
material has great potential to improve stability and prolong the life span of earthen materials, especially con-
sidering that in real conditions earthen mortars are not exposed to full immersion but only to driving rain or
splash water.

MOD

Figure 2: Photographs of reference and modified sample 10 min after immersion in water.

Table 2: Dimension of modified samples before and after immersion in water for 7 days.

Before immersion After immersion Decrease de“(’::::se

sample | SYmbol of Jmm/ %] 1%
a 18.2 18.1 0.4
1 b 18.5 18.4 0.3
h 18.5 18.5 0.4
a 18.7 18.6 0.5

2 b 18.6 18.5 0.3 0.3
h 19.2 19.2 0.1
a 18.7 18.7 0.3
3 b 18.5 18.4 0.2
h 19.3 19.3 0.3

3.2 Density

Comparing the raw density of the two materials the impact of the added geopolymer on the microstructure of
the earthen mortar can be assessed. The results show that the modification led to a slight decrease in density,
which may cause a decrease in mechanical performance. According to DIN 18947 /12/ both mortars are clas-
sified as of bulk density class 1.8.
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Table 3: Raw densities of reference and modified samples.

Sample densit Mean

Name nop mass /g/ Ik /m},’ density

: 9 Ikg/m3
1 442.42 1728.2

REF 2 453.94 1773.2 1762.2
3 457.02 1785.2
1 428.91 1675.4

MOD 2 436.17 1703.8 1701.4
3 441.63 1725.1

3.3 Compressive strength

The results of the compressive strength tests are presented in Table 4. The geopolymer modification signifi-
cantly decreases the compressive strength of the earthen mortar by around 60%. As according to DIN 18947
/12/ the minimum compressive strength of earthen mortars is defined as 1 MPa, the MOD samples do not
meet the standard requirements. It has to be considered however, that the compressive strength was deter-
mined on 28-days old samples and could increase with further curing for the MOD samples. The REF samples
in contrast gain their strength only through drying which, based on mass measurements, reached equilibrium
after 28 days. According to the literature /18, 19/, geopolymers and alkali activated materials develop their
strength slower than cement-based composites, especially if they are not cured at elevated temperature. The
authors of /19/ suggest that materials based on geopolymers should be tested after at least 3 months of ma-
turing. Additionally, it needs to be pointed out that the mechanical performance of the reference mortar is
relatively low, and the modification could be more efficient for a mortar with a higher initial strength. All the
above-mentioned issues are the subjects of the future research. The presented results are consistent with the
determined densities, i.e. tighter skeleton evinces better mechanical performance.

Table 4: Compressive strength of reference and modified samples.

Compressive | Mean compres-
Name | Sample no. | Force /N/ strength sive strength
IMPa/ IMPa/
1 2112.2 1.32
2 2016.9 1.26
3 2640.4 1.65
REF 1.42
4 2496.1 1.56
5 2208.3 1.38
6 21442 1.34
1 920.8 0.58
2 932.8 0.58
3 905.6 0.57
MOD 0.60
4 1099.2 0.69
5 937.6 0.59
6 948.8 0.59

34 Linear shrinkage

Linear shrinkage caused by drying is a common problem in the field of earthen materials as it can lead to
deformations and cracks which accelerate corrosion by water, inorganic salts, or pollution. The results of the
shrinkage measurement show that the addition of the geopolymer significantly reduces the mean linear shrink-
age from 0.7% to 0.1% (Table 5). The decrease in shrinkage can be traced back to the fact that geopolymers
are characterized by a much lower drying shrinkage than earthen materials /20/. Since in MOD samples 50%
of earth is replaced with geopolymer, the results are conclusive.
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Table 5: Linear shrinkage of reference and modified samples.

Name Sample no. | shrinkage /%/ | Mean shrinkage /%/

0.7%
0.6% 0.7%
0.7%
0.1%
0.1% 0.1%
0.2%

REF

MOD
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3.5 Water vapour permeability

One of the main advantages of earthen materials is their beneficial hygrothermal properties. Due to the high
water vapour permeability and liquid sorptivity of earthen plasters are often used for buffering humidity fluctu-
ations and improving the indoor climate /21-23/. Hence, any modification of earth-based material should not
deteriorate this positive effect. The results of the water vapour permeability measurement show that, see, the
addition of the geopolymer increases the water vapour resistance factor uy by only 3 % (Table 6). The value
describes the factor by which the permeability of the material for water vapor is increased in comparison to an
equivalent air layer. Based on the presented results it can be stated that the geopolymer modification does not
affect the water vapour transport through the mortar significantly.

Table 6: Water vapour permeability of reference and modified samples.
Name Sample no. ul-l Mean p /-/

1 12.54
14.71
12.27 12.80
11.54
12.93
13.16
13.56
13.29 13.22
14.70
11.38

REF

MOD

AW~ JO|BD|ODN

3.6 Mercury intrusion porosimetry

Porosity is a key factor for mechanical strength and durability of porous materials. The results of the mercury
intrusion porosimetry test, i.e. pore size distribution (PSD) and cumulative pore volume are presented in Figure
3 and show that the addition of geopolymer significantly changes the microstructure of the material. In case of
the REF samples, the pore size distribution has clearly a unimodal character with the dominant pore diameter
of 10000 nm. In MOD samples the PSD curve has much more complex character. Modification causes the
decrease in pore sizes and formation of numerous small voids smaller than 1000 nm. Simultaneously, the total
porosity is increased by nearly 40%. Summing up, the modified samples contain more pores but of much
smaller sizes than the reference material, which is consistent with the results of density and compressive
strength.
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Figure 3: Pore size distribution (solid curve) and cumulative pore volume (dotted curve) of reference and
modified samples.

4 Conclusion

The presented research aimed to proof the potential application of a novel one-part geopolymer as a stabilizing
agent in earthen materials. The experimental analysis shows that by replacing 50 % by mass of an earthen
mortar with a geopolymer the water resistance can be significantly enhanced compared to the reference. Also,
linear shrinkage is remarkably reduced from 0.7% to 0.1% while water vapour permeability of the material is
hardly affected. A problem for future application is the strong decrease in compressive strength measured.
The data from the mercury intrusion porosimetry show an increase in porosity by almost 40 % and a shift
towards smaller pore sizes. The combination of geopolymer and earth creates more porous structure compar-
ing to non-modified samples, which may be related to the observed significant reduction in the linear shrinkage.
Since the modified samples shrink only slightly their structure is less compacted than in more shrunk REF
samples. The reason for the increased water resistance and decreased shrinkage of the MOD samples is the
better performance of the geopolymer regarding these properties compared to the earthen plaster and the high
substitution rate of 50 %. While the reference sample gains strength only by drying the MOD samples develop
their microstructure in two processes: drying and geopolymerization which is known to depend strongly on the
curing time. Summing up, the presented modification of earthen materials gives promising results in terms of
water-resistance of earthen materials. However, there is a need to focus on the development of better me-
chanical performance, which is a subject of the upcoming research.
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