
Recent statistics indicates that approximately one third of the world’s population lives in buildings
constructed of earth based materials. Among the long inventory of traditional construction materials,
raw earth has always had an important ranking position, easily justified by its own physical and
chemical properties: it is ecological, recyclable, abundant and economic. The incorporation of
different organic materials (including biopolymers) in earth-based building materials in order to
improve the material behaviour is an applied building procedure. In the presented paper saccharose
(a disaccharide with a high water solubility and water binding capacity) was used and the structural
performance was investigated through compression tests. The specimens were prepared with varying
the liquid phase, sugar percentage and curing period. Based on the results of this experimental
work, proposals for stabilizing existing earth construction are made.
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1.      INTRODUCTION

Earth Construction is a worldwide heritage that reflects the existing cultural diversity of people.
Examples of ancient earth constructions are the China Wall (2000 B.C.) and the Arge Bam city in
Iran (500 B.C.). This impressive earth heritage also reveals that earth construction can have a
considerable sustained durability. Meanwhile, cutting edge modern earth construction, such as the
Adobe Repository for Buddha Statue in Japan (2001 A.D.) and the Desert Cultural Centre in Canada
(2006 A.D.), prove that earth based building materials are in demand nowadays. Earth has been
used in the construction of dams in many countries [1].
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In Portugal, the most expressive traditional building techniques that use earth based materials are
the adobe, the taipa and the tabique. A taipa building wall is an earth based monolithic element.
Adobe masonry is made of adobe blocks linked with mortar. Tabique is made of an internal timber
structural system plastered on both sides with an earth based mortar [1].

Recent scientific studies have concluded that significant number of these buildings are facing ruin
and require urgent conservation work. This is particularly the case of tabique buildings which exist
in Trás-os-Montes e Alto Douro region of Portugal [2, 3]. Meanwhile, there is still a lack of scientific
work which can help in these conservation processes.

A biomimetic research study has been conducted using the andorinha-dos-beirais bird’s nest, a
natural earth structure [4]. In this study, a finite element analysis of the nest structure has indicated
that it works under compressive normal stresses. Scanning electron microscopy/energy dispersive
spectroscopy (SEM/EDS) and X-ray tests have shown that the chemical and mineralogical compositions
of the nest material are similar to the corresponding clay locally available. Colorimetric tests have
shown that there is not an expressive amount of organic proteins component in the nest material.
On the other hand, this test provided the evidence that there is a strong possibility of the andorinha-
dos-beirais bird adding a certain amount of organic polysaccharides/sugars components into the
material used during the building process of the nest. According to Eires et al. [5], the idea of the
incorporation of different organic material, including biopolymers, in earth-based building materials
in order to improve the material behaviour is already an applied building procedure. Some examples
of these bio-polymers are flour, nectar of cactus, plant oils, animal fat, egg white, animal blood,
animal excrement or urine, among others. There is a new sustainable building trend of incorporating
solid and agricultural waste materials, such as straw, durian peel, coconut coir, corn peel, corn cob,
bagasse, rice hull, oil palm leaves, among others, for thermal insulation purposes [6-11]

Saccharose (ß-D-fructofuranosyl-(2 1)--D-glucopyranoside), which is a common table sugar, is
a widely available material. Small sugars like saccharose, form strong hydrogen bonds with one
another and with water [12]. Saccharose has a high solubility in water (up to 70g/100g (0.16oz/0.23oz)
solution) [13], producing viscous solutions [14]. These chemical characteristics may influence the
water dynamics in earth based materials and change their properties. The presented work intends
to study the effect of the incorporation of domestic sugar into the earth-based materials as an organic
component and study the material properties and structural performance.

NED UNIVERSITY JOURNAL OF RESEARCH, STRUCTURAL MECHANICS, VOL XI, NO. 3, 2014

Jorge Pinto is an Assistant Professor in the Institute of Nanostructures, Nanomodelling and
Nanofabrication at University of Trás-os-Montes e Alto Douro, Portugal. He received his PhD
in Civil Engineering from University of Bristol, UK.

Humberto Varum is an Associate Professor with Habilitation in the Department of  Civil
Engineering at University of Aveiro, Portugal. He is engaged in large-scale experimental testing
and nonlinear analytical modelling of structural systems. His current research interests include
assessment, strengthening, and repair of existing structures, structural testing, and modelling,
reliability of structures, earthquake engineering and structural dynamics, and earth construction.

Victor Neto is a Researcher in the Center for Mechanical Technology and Automation at
University of Aveiro, Portugal. His research activities include material characterization and
development of advanced surface engineering materials for different applications such as
injection moulding tools, optical fibres sensors and solar cells.

Anabela Paiva is an Associate Professor at University of Trás-os-Montes, Portugal and Alto
Douro, Portugal. She is a researcher of C-MADE at University of Beira Interior, Portugal. She
received her PhD in Civil Engineering from University of Bristol, UK.

Pedro Bandeira Tavares is an Associate Professor in Chemistry Centre at University of Trás-
os-Montes e Alto Douro, Portugal where he received his PhD in Chemistry.

Lisete Fernandes is a Technician in Electronic Microscopy Unitat University of Trás-os-Montes
e Alto Douro Portugal where she received her Masters.

Fernando Nunes is an Assistant Professor in the Chemistry Research Center at University of Trás-
os-Montes e Alto Douro, Portugal. His research interests include characterization of polysaccharides;
characterization of melanoidins from coffee infusions; application of mass spectrometry to the
chemical characterization of sugar and sugar derivatives; quantification of the antioxidant capacity
and phenolic compounds in foods.



21NED UNIVERSITY JOURNAL OF RESEARCH, STRUCTURAL MECHANICS, VOL XI, NO. 3, 2014

In order to understand the effect of the sugar on the clay, mechanical tests such as compression and
bending tests were performed. These were complemented by absorption capillarity and water erosion
tests. SEM/EDS and X-ray tests were also performed in order to figure out the adhesive effect of
the sugar on the nanoparticles of clay. In this paper, a description of the adopted samples preparation
procedure is firstly presented. Secondly, some considerations related to the adopted preparation of
the samples procedure which may guide the understanding of the next sections are highlighted.
Finally, a detailed description of the performed experimental work, which includes compression,
bending, absorption capillarity, water erosion, SEM/EDS and X-ray tests, is provided. The results
are presented and analysed in parallel. Finally, the main conclusions are drawn.

2. EXPERIMENTAL PROCEDURE AND TESTING

2.1 Samples Preparation

There are no specific regulations or standards for the development of experimental procedures for
earth based building materials which may provide guidance on the sample preparation and experimental
protocol. The first difficulty faced was concerned with the earth-based material preparation for the
mechanical compression and bending tests, absorption capillarity and water erosion tests, and
SEM/EDS analyses.

Earth is a natural material whose properties change sharply geographically and in ground depth.
For instance, the mineralogical, chemical and granulometric compositions are some of these
properties. Meanwhile, 20% of thin fraction (silt, clay and thin sand) and 80% of medium size sand
is a common granulometric composition found in ancient tabique constructions [2-3]. Based on
these facts and in order to simplify the research at this stage, 100% clay was used as the earth
material (Figure 1(a)).

Since there is no data known related to the adequate amount of domestic sugar content to improve
the performance of earth based building materials, two different percentages of sugar (5 and 10 %)
were studied. Material samples without sugar (0%) were used as reference for the experimental
results analysis. (Figures 1(b)-(d)) illustrate the adopted expedited procedures for the material
sample preparation. Simulation of a real building situation was the main reason which justified
the above fact. Industrial metal formworks (6×18×18 cm3 (2.3×7×7 in3)) were used as shown in
Figure 1(d).

One example of each sugar content sample after moulding is shown in Figure 2(a). It is noted in
Figure 2(a) that it was not possible to get the ideal perfect shape of the samples by this moulding
procedure. However, a substantial improvement was achieved when compared to the results obtained
by Cristelo et al. [14]. The samples were cured for 7 days in a controlled thermo hygrometric
environment (Figure 2(b)), similar to the one adopted in the ceramic artifacts process industry
(Figure 2(c)). These conditions allowed a controlled curing process avoiding an undesirable premature
drying which may result in the appearance of cracks.

Figure 1. Expedite adopted sample preparation procedures methodology: (a) clay; (b) adding
domestic sugar; (c) mixing up clay with sugar; and (d) moulding.
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It was required to get different size samples to perform the experimental testing programme. There
were doubts concerning the adequate sample age to perform this task and about the cutting technique.
Initially, the use of a steel cable was used as a solution to cut the samples. However, in early ages
(i.e. just after the moulding), the samples did not have enough consistency to be cut by this technique.
Nevertheless, after 7 days (Figure 3(a)) the consistency of the material did not allow using the steel
cable and a metal saw was used instead (Figure 3(b)). From Figure 3(a) it is also noticed that the
three types of samples (0, 5 and 10 % sugar contents) show a significant coloration difference (the
higher the sugar content (0, 5 and 10 %) more dark is the specimen). This aspect is related to the
fact that the sugar delays the drying process. After 7 days, the water content of the 10% sugar content
samples was significantly higher than the respective measure for the sugarless (0%) samples.

Sample size of 6×6×6 cm3 (2.4×2.4×2.4 in3) (Figure 4(a)) was adopted for the compression and
absorption capillarity tests, and sample size of 4×6×18 cm3 (1.6×2.4×7 in3) (Figure 4(b)) was
adopted to perform the bending and water erosion tests. The samples of Figure 4 prove that the
adopted cutting technique was not the ideal one because the cut faces were not perfectly flat and
the pressure resulted from the sawing induced a slightly deformed shape. The search for an optimized
sample preparation procedure was one of the goals at this stage of work since a significant amount
of samples was expected to be used for the testing programme. After 7 days of curing process, all
the samples were dried in the laboratory’s thermal hygrometric conditions until they reached the
age of 28 days.

Figure 2. Curing conditions: (a) samples; (b) curing; and (c) ceramic artifacts.

Figure 4. Samples size: (a) 6×6×6 cm3 (0.24x0.24x0.24 in3); and b) 4×6×18 cm3 (1.6x2.4x7 in3).

Figure 3. Specimens preparation: (a) samples aged 7 days; and (b) cutting.
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2.2 Method of Testing

As stated above, there are no specific regulations or standards for the experimental testing procedures
for earth based building materials. With the samples prepared, as described in section 2.1, mechanical,
physical and morphological tests were performed in order to determine the properties of different
samples. Four samples of each sugar content (0, 5 and 10 %) were tested in compression whereas
two samples of each sugar content were tested in bending. These tests were performed with the
assistance of an Instron 1025 Universal Testing Machine. Absorption capillarity tests were conducted
for different sugar content samples; these were immersed in 1 cm (0.4 in.) deep water for 48 hrs.
The water rising by absorption capillarity in the samples was then assessed. Water erosion tests
were performed by placing the samples under a 0.4 m high (1.3 ft) falling drop of water for 30 min
which corresponds to 0.10 litres (0.03 gal) of water. The water erosion was measured by the size
of the hole which formed on the surface of the sample where the water drop fell. Finally, morphological
tests were carried out by using a Scanning Electron Microscopy with X-ray microanalysis system
(SEM/EDS) (FEI Quanta 400 SEM/ESEM system) and by the use of a X-ray spectroscopic system
(PANalytical X'Pert PRO system).

3. RESULTS AND DISCUSSION

3.1 General Remarks

As stated earlier, mechanical and physical tests were performed in order to evaluate the material
performance improvements due to the addition of domestic sugar into clay resulting in a composite
material. The compression strength is an extremely relevant property because earth-based building
components (e.g. a wall) were expected to be working essentially under compression. However,
one weakness of this type of buildings resides in the limited capacity in shear and tension, which
is particularly important when subjected to horizontal loads (i.e. wind and earthquakes). Additionally,
the water effect is another important vulnerability of earth-based buildings. To protect this type of
buildings from the rain or from the water from the ground by capillarity, particular actions and
measures may be needed to decrease this vulnerability. These were the main reasons that justified
performing compression and bending tests, and absorption capillarity and water erosion tests as the
mechanical and physical tests respectively. In order to complement these tests, SEM/EDS and X-
ray analysis were also performed to determine if any chemical transformation or agglutination
phenomenon had occurred due to the incorporation of domestic sugar.

All these tests were carried out at a sample age of 28 days, similar to concrete or mortar specimens.
At the age of 7 and 14 days, the samples were not completely dried. At the age of 28 days, the
samples showed some differences in properties such as colour, surface finishing, odour and workability.
An increasing brownish colour occurred as the amount of sugar content increased (Figure 5(a)).
Probably, this fact was related to the water content of the samples. Sugar had behaved as a dryness
delaying factor. The irregularity of the surface of the samples was another aspect which also increased
with the increase of sugar contents. An increasing intensity of odour of biological degradation also
occurred as the sugar percentage is increased. Finally, the workability of the material decreased
when the amount of sugar increased.

3.2 Compression Tests

Four samples of each sugar content (0, 5 and 10 %) were tested in compression. There were some
dimensional inconsistencies in using the adopted expedited sample preparation method which were
unavoidable and were, therefore, accepted. The mass of samples increased as the sugar content
increased. This trend was also noted for the density of samples, as shown in Figure 5(a). The average
density obtained from each sugar content (0, 5 and 10 %) is 1836.95 kg/m3 (115 pcf), 1918.52 kg/m3

(120 pcf) and 1921.19 kg/m3 (120 pcf), respectively. Meanwhile, the deviation of density between
5 and 0 % sugar contents, and between 10 and 5 percent sugar contents is 81.57 kg/m3 (5 pcf)
(equivalent to 4% reduction in density, approximately) and 2.67 kg/m3 (0.17 pcf) (equivalent to
0.1% reduction in density, approximately), respectively. It is believed that this mass increase may
be related to the water content of the samples. After 28 days of drying, the samples with 5 and 10
% sugar content were still not completely dried. The sugar may have worked as drying delaying
in which the water content was partially retained. However, the intensity of this effect did not work
proportionally to the sugar content.
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The results of compression strengths of the twelve samples (three for each sugar content) tested
under compression are presented in Figure 5. It is concluded that the compression strength did not
increase with the increase of sugar contents. In fact, it was reduced. According to the results of
Figure 5(b), there was a dramatic reduction of this mechanical property of about 2.0 MPa (290 psf)
with the inclusion of 5% of sugar content, corresponding to a 56% reduction, approximately. With
respect to the inclusion of 10% sugar content, results presented in figures followed the same trend:
2.5 MPa (363 psf) compression strength reduction (equivalent to a 70% reduction). On the other
hand, comparison of samples with 5 and 10 % sugar contents indicate that the compression strength
reduction was less, being in the order of 0.40 MPa (58 psf) (equivalent to a 27%). Another interesting
aspect is related to the compression strength deviations. This deviation decreased with the increase
of sugar contents (Figure 5).

3.3 Bending Tests

Taking into account the expedited sample preparation method adopted and for the sake of simplicity,
two samples of each sugar content scenarios were tested. In this case, a reduced number of samples
were produced. The second sample of 5% sugar content had accidentally broken before testing. At
the age of 28 days, the samples showed an increased weight as the sugar content increased. This
fact complements the above explanation.

According to Figure 6, the bending strength capacity has also decreased sharply when 5% of sugar
content was added to the clay. Meanwhile, this mechanical property did not change much between
the 5 and 10 % sugar content samples.

3.4 Absorption Capillarity Tests

Samples of 0, 5 and 10 % sugar contents, with 6×6×6 cm3 (2.4×2.4×2.4 in3) were left in a 1 cm (0.4
in.) layer of water for 48 hrs. The water rising by absorption capillarity in the samples was assessed.
After 48 hrs, the following results were observed: the 0% sugar content sample was completely
saturated, the water reached the top of the sample (h1), the sample had lost its integrity, a layer of
particles (a1) was formed at the bottom of the sample (Figure 7(a)); the 5% sugar content sample

Figure 5. Experimental results: (a) density vs. sugar contents; and (b) strength vs. sugar contents.

Figure 6. Bending strength capacity.
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was saturated approximately till two thirds of its volume (h2), the top of the sample remained
apparently dry, a crack had formed at the level of h2, some sugar concentrations had emerged on
the surfaces of the sample according to the details of Figure 7(b), the integrity of the sample was
kept, a layer of thin particles (a2) was formed at the bottom of the sample; the 10% sugar content
sample was saturated approximately one third of its volume, the water had risen about one third
of the height of the sample (h3), the rest of the sample remained apparently dry, a crack formed in
the border which separates the dried and the saturated parts, the integrity of the samples was kept,
a layer of even thinner particles (a3) was formed at the bottom of the sample, an large number of
sugar crystals emerged on the surface of the sample just at the crack level (Figure 7(c)). This change
was attributed to the higher water solubility of saccharose that can lead to a significant increase in
the water viscosity and reduce the capillary rise of the water.

In fact, the behaviour of samples was evidently different among each other. Higher percentage of
sugar provided a better capillarity behaviour, which corresponded to better water resistance. This
behaviour is clearly evident among the studied sugar contents (i.e. h1>h2>h3) which increased almost
proportionately with the increasing of sugar contents, and which contrasts with the above studied
mechanical properties (i.e. compression and bending).

3.5 Water Erosion Tests

Samples of 0, 5 and 10 % sugar contents (sized 6×6×18 cm3 (2.4×2.4×7 in3)) were kept under a 0.4
m (1.3 ft) fall of a water drop for 30 min which correspond to 0.10 litres (0.03 gal) of water. The
water erosion was measured by the size of the hole formed on the surface of the sample where the
water drop fell (Figure 8). Bigger diameter and depth of the hole corresponded to larger water
erosion effects. Figure 8 clearly shows that the sugar had increased the water erosion resistance
of the tested samples because the diameter and the depth of the hole had reduced significantly when
the sugar content was increased (Figure 8(d)-(f)). This fact can be explained by a higher water
holding capacity of the surface layer containing saccharose as this sugar can bind strongly the water
[12, 13] restricting the diffusion of water to the lower earth layers.

Figure 7. Absorption capillarity test: (a) 0% sugar content; (b) 5% sugar content; and (c)
10% sugar content.

Figure 8. Water erosion test: (a) 0% sugar content; (b) 5% sugar content; (c) 10% sugar
content; (d) 0% cross section; (e) 5% cross section; and (f) 10% cross section.
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3.6 SEM/EDS and X-ray Tests

SEM/EDS and X-ray tests were performed using samples of each of the percentage sugar contents
studied. Generally, the chemical and mineralogical elementary compositions did not seem to have
changed with the incorporation of different percentages of the domestic sugar, as it was seen in the
X-ray microanalysis. On the other hand, an agglutination process seems to have occurred as the
percentage of sugar content increased (Figure 9) as the diameter of particles also increased from
0-10 % sugar contents. This agglutination process may be due to the formation of a highly viscous
saccharose solution that holds the earth particles. Therefore, domestic sugar may allow forming
nanoclusters of nanoclays resulting in particles. This fact is noted in Figure 9 because the dimension
of the maximum sized particle detected in each sample of sugar content has increased with increasing
sugar contents (i.e x3>x2>x1 (Figure 9)). Furthermore, the amount of the minimum sized particles
(A in Figure 9) of the samples decreased with increasing sugar contents.

4. CONCLUSIONS

The inexistence of current applied recommendations concerning experimental procedures related
to earth-based materials created some restrains during this research work. This fact justifies some
of the adopted expedite experimental procedures. Based on the experimental results obtained in this
research work, it may be stated that clay with saccharose as a composite material seems to have a
paradigm since the increase in sugar content decreases the mechanical properties of the material,
in particular, compression and bending strengths, and simultaneously may increase the material
water resistance. This fact highlights the complexity inherent to the study of this type of composite
material. Nevertheless, the obtained experimental results indicate that the domestic sugar may have
an agglutination effect since nanoclusters of nanoclays seemed to be formed.

Meanwhile, other soil compositions similar to the ones currently applied in the earth based building
material industry should be considered. Other percentages of sugar contents should be also analyzed
in order to determine their impact on the overall material behaviour. Finally, other types of sugar,
either polysaccharides or mono- and disaccharides, may also be considered.
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