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Abstracts: The aim was to determine the mechanical resistance and thermal conductivity of adobe bricks in extreme
minimum weather conditions, which serve two physical functions: greater compression strength and lower thermal
conductivity for the construction of rural housing walls in the Peruvian highlands. The study was experimental, where the
soil texture class was determined using the Bouyoucos hydrometer. An experiment was designed with 58 adobe bricks
with different composition percentages: clay soil, sand, sheep manure, and chilligua. The compression strength was
measured with a hydraulic press and the thermal property was measured using a thermal conductivity meter for
construction materials. Then, a polynomial regression model was estimated for the behavior of the compression strength
and thermal conductivity of each adobe brick, and finally, classical optimization techniques were employed. The optimal
adobe brick mixture resulted from the combination of inputs in the following proportions: 83.0% clay soil, 7.1% sand,
7.5% sheep manure, and 2.4% chilligua. This mixture generates greater compression strength of 31.85 kg/cm2 per unit
of thermal conductivity in W/m+°K.
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1. INTRODUCTION

Approximately 50% of the population in developing countries and 30% of the world's population live in houses
with adobe walls [1]. Adobe is a traditional building material used in rural housing construction [2] and mainly in
developing countries [3] due to its ease of construction and low cost [4].

The primary function of a home is to ensure the safety and thermal comfort of its occupants in order to improve
their living conditions [5]. However, in rural areas, there is little information about the properties of vernacular
architecture construction materials [6], although it has been demonstrated that adobe with appropriate dosing can
achieve satisfactory thermal comfort [7].

In rural areas, the use of soil mixture in adobe wall construction for housing is common and attractive as it
contributes to sustainable development [8,9] by using minimal energy in its production and having hygrothermal
properties. Adobe with a mixture of clay soil combined with natural fibers has various uses and dosages to take
advantage of its hygrothermal behavior [2]. There is growing interest in the use of this mixture with natural fibers as
a building material, as it offers energy efficiency, ecological sustainability, and compression resistance [10].

Improperly made adobe has low compression resistance [11] and requires permanent maintenance to prevent
premature deterioration of walls and a decrease in the lifespan of homes [12]. Additionally, it can be vulnerable to
seismic events [3,4,13] and prone to cracking due to excessive deformation during adobe drying caused by its high
content of fine particles [14].
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In the Peruvian highlands, particularly at night when temperatures drop, rural houses lack thermal comfort
inside their spaces [15], thus requiring better dosed construction materials [5,16]. Adobe constructions are also an
affordable alternative to the rising costs of industrialized building materials [17].

Furthermore, this region of the highland’s experiences high solar radiation throughout the year [18] which can
be utilized as a source of heat to achieve thermal comfort in houses [19]. One of the benefits of well-dosed adobe
walls is that they can absorb heat during the day and release it gradually at night, thereby saving energy and
achieving desirable thermal comfort with less temperature oscillation inside the house [20]. In this way, the thermal
inertia of the house can dampen the influence of external temperatures on indoor thermal conditions [7].

To create adobe, it is necessary to conduct a study of the textural class to define the soil's physical
characteristics [21]. This is to determine an appropriate mixture of clay, silt, and sand. Adding chilligua can improve
compression strength [14], provided that the sand and silt undergo a stabilization process [22]. In fact, chilligua
contributes to compression strength [23], as the biocomposites made from a mixture of clay and sand with the
addition of chilligua can enhance both mechanical and thermal properties [24], ultimately improving the habitability
conditions for its occupants [25].

In the Peruvian highlands, low temperatures, especially at night, make rural homes lack thermal comfort indoors
[15]. Therefore, it is necessary to develop better dosed building materials [5,16] Adobe constructions are an
economical alternative to the rising costs of industrialized construction materials [17].

Additionally, this area of the highlands experiences high solar radiation throughout the year [18], which can be
used as a heat source to achieve thermal comfort in homes [19]. One advantage of well-dosed adobe walls is that
they absorb heat during the day and release it gradually at night, allowing for energy savings and achieving
desirable thermal comfort with less temperature fluctuation inside the house [20]. In this way, the thermal inertia of
the house dampens the influence of the outside temperature on the interior thermal conditions [7].

To make adobe, a study of the textural class must be conducted beforehand to define the physical
characteristics of the soil [21], in order to determine an adequate mix of clay, silt, and sand. The addition of chilligua
could improve compression strength [14], as long as the sand and silt are stabilized [22]. In fact, chilligua
contributes to compression strength [23], as the biocomposites made from the mixture of clay and sand, with the
addition of chilligua, increase both mechanical and thermal properties [24], contributing to improving the habitability
conditions of occupants [25].

In the adobe-making process, chilligua is used as an input to improve thermal conductivity and compression
strength [20,23,26]. However, excessive use of chilligua can reduce compression strength and the weight of the
adobe [14,24]. The use of soil mixture with chilligua has generated interest due to its thermal properties for heat
storage and temperature regulation [9].

Furthermore, adobes with clay and chilligua mortars contribute to improving the mechanical strength of walls
[13], both in tension and simple compression [27]. On the other hand, non-stabilized adobes have lower
compression strength than required by structural standards [28]. Therefore, it is important to establish appropriate
dosages of clay, silt, sand, and chilligua to achieve the desired compression strength [29].

Another input used in adobe-making is domestic animal manure, such as that of llamas, cows, and sheep,
which could improve energy efficiency due to its high organic matter content [30, 31].

In particular, sheep manure stands out for improving thermal inertia and promoting environmental sustainability
[32]. It is important to improve the thermal comfort and energy efficiency of buildings. To achieve this, it is
recommended to use an appropriate dosage of adobe as a biocomposite material [33]. Adobe is a material with
lower thermal conductivity [34], which allows for comfortable rooms at night [35]. This is because adobe has the
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ability to store heat during the day [11]. In addition, adobe constructions offer greater thermal stability [36], which
helps mitigate low temperatures [37] and cushion the drop in outdoor temperature [9].

In particular, sheep manure stands out for improving thermal inertia and promoting environmental sustainability
[32]. It is a priority to carry out studies on the mechanical and thermal properties of adobe wall construction
materials through testing [38, 39]. It is necessary to understand the influence of inputs on the thermal properties of
adobe [40]. Simple compression tests define the mechanical strength [41], and thermal conductivity tests determine
the heat transfer capacity [42, 43]. Therefore, the objective of this study is to determine the mechanical strength and
thermal conductivity of adobe in extreme minimum climatic conditions. The purpose is to achieve two physical
functions: greater compression strength and lower thermal conductivity for the construction of rural housing walls in
the Peruvian highlands.

2. MATERIALS AND METHODS

2.1. Assessment of Soil Texture Class of Soil Mixture

Firstly, it is important to study the soil texture class composition to make adobe. In the Peruvian highlands, soll
materials are available. For this study, a soil sample was obtained in February 2020 from the community of Llachén,
Capachica, Puno (15°43'5” S and 69°47'28” W). To determine the texture class using the Bouyoucos method
(1962), soil samples were dried in an oven at a temperature of 105°C to remove moisture. They were then crushed
and sieved through a 2 mm sieve. 50 grams of the sample were used to perform a chemical dispersion with sodium
hexametaphosphate and distilled water in a beaker. An electric mixer was used for soil dispersion (Figure.1a).

Subsequently, the suspension was placed in a one-liter graduated cylinder, leveled with the aid of a pipette, and
manually agitated for 5 to 10 seconds before introducing the hydrometer for reading (Figure.1b). The temperature
and density of the sedimentation solution of the sample were recorded at forty seconds and two hours established
by the Bouyoucos hydrometer method [44]. Then, the necessary calculations were performed to determine the
different fractions of sand, silt, and clay, allowing for the determination of the texture class using the United States
Department of Agriculture (USDA) soil classification triangle.

"
E

Figufe l (a) Electric Mixer, (b) Soil Texture Class Test.
2.2. Mix Design for Adobe Manufacturing

Once the soil texture class was defined, experimentation was carried out. The objective was to create 58
mixtures with different proportions to achieve the optimal mixture with higher compression strength and lower
thermal conductivity. To achieve this, inputs were considered in different percentages: mixture of clayey soil, sand,
sheep manure, and chilligua (Festuca dolichophylla). The dosing was done independently, and water was added for
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kneading until reaching a plastic state. Finally, circular specimens of 15x10 cm and adobes in rectangular molds of
30x40x10 cm were made (Figure 2).
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Samples of Rectangular Adobes with Different Combinations of Clay, Sand, Sheep Dung, and Chilligua.
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2.3. Measurement of Mechanical Strength and Thermal Conductivity

In the Soil and Concrete Materials Technology laboratory of the Faculty of Agricultural Engineering at the
National University of the Altiplano-Puno, tests were conducted to determine the resistance to simple compression
and thermal conductivity. Standardized mechanical strength tests were carried out on 58 circular specimens
measuring 15x10 cm, which had been air-dried for 28 days. A digital hydraulic press manufactured by RICELI,
based on Pascal's principle (Figure 3), was used for this purpose. The determination of compressive strength was
achieved by applying an axial load until the circular specimen broke. Finally, compressive strength was calculated
by dividing the maximum load reached during the test by the contact section area.

Figure 3. Hydraulic press for compressive strength testing.

On the other hand, the measurement of the heat transmission capacity of the rectangular adobes with
dimensions of 30x40x10 cm was carried out. For this purpose, a thermal conductivity measuring equipment for
construction materials patented by the National University of the Altiplano was used, which is registered as a utility
model in the Directorate of Inventions and New Technologies of the National Institute for the Defense of
Competition and Protection of Intellectual Property, with Directorial Resolution No. 000716-2022/DIN-INDECOPI
(Figure 4). This meter features sensors for temperature reading, which have an accuracy of +/- 0.5°C and a
measurement range of -40°C to 125°C. Once the readings were taken, they were converted to °K. Finally, to
determine thermal conductivity (k), the Fourier's Law equation (Equation 1) was applied.

682



International Journal of Membrane Science and Technology, 2023, Vol. 10, No. 2, pp. 679-690

AQ _ ks(T,—T,)
At B x

(1)

AQ : Heat transfer (W)

At : Measurement time (h)

K : Thermal conductivity (W/m-°K)

S : Sample area of adobe in contact with the container (m?)
T, : Temperature on the outer surface of the container (°K)
T1 : Temperature on the surface of the adobe sample (°K)

X : Thickness of the adobe sample (m)

Figure 4. Thermal Conductivity Meter for Building Materials.

Estimation of the polynomial regression function and determination of the optimal adobe, after determining the
mechanical strength and thermal conductivity, the polynomial regression was estimated, considering the dependent
variable as the relationship between compressive strength (Ri) and thermal conductivity (ki) of adobe "i", that is:

R.
Yi =k_|=ﬁo+ﬂlxl+ﬂzxz +:B3X3+ﬂ4x4+ﬂ5x12 +ﬂ6X22 "'187)(32 +168Xf +ﬂ9X1X2 +

ProXiXg+ B X Xy + B Xy X+ B X Xy + PuXs Xy + &

Where i is the number of inputs (Xi), that is: clay soil (X1), sand (X2), sheep manure (Xs), and chilligua (Xa), B
are the coefficients of the model; ¢; is the random disturbance that is distributed as a normal function with zero mean
and unit variance, the model was estimated using the ordinary least squares estimation technique. After estimating
the coefficients of the model, the polynomial function was maximized by applying the first-order conditions, and
solving the equations yields the following expression:

1 Zﬂs /’79 1810 ﬁn - ﬂl
2| _ By 2By PBo P -5,
3 B Po 2B P -5
4 ﬂu ﬂ13 ﬁ14 2188 - ﬁ4

Where: X; = clay soil; X, = sand; X3 = sheep manure; Xs=chilligua (Festuca dolichophylla).

X X X X
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3. RESULTS AND DISCUSSION
3.1. Textural Composition Of Clay Soil Mixture

The results of the soil textural composition revealed the following proportions: 5.75 + 3.54% sand, 6.41 + 5.38%
silt, and 87.84 + 8.62% clay, which classifies it as a clayey soil texture. These values are similar to those obtained
by. Calatan et al. who used a soil with a sandy clay content of 97% for adobe production [26]. On the other hand,
Vasi¢ et al. recommend a clay content between 20.4% and 40.6% [21]; however, clays with high organic matter
content are not suitable for construction [45].

3.2. Resultados De La Medicion De Resistencia a La Compresion Y Conductividad Térmica
In Table 1, the results of the mechanical compressive strength tests in kg/cm? and thermal conductivity tests in

W/m-°K of rectangular adobe blocks are presented. The report on the relationship between the mechanical
compressive strength (Ri) and thermal conductivity (ki) is also included.
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Table 1. Compressive strength and thermal conductivity of adobe at different dosages.

Essays with different input compositions (% Ne of Essays with different input compositions (%
. Measurement results . - Measurement results
by weight) mixture by weight)
No of e . Ratio= Xa § Ratio=
mixture X1 X3 - i X1 X3 - i
R I L T O T . B B - B I B . B L
soil manure dolichophylla) Compressive conductivity [ k soil manure dolichophylla) Compressive conductivity [ k
strength (W/m-°K) ! strength (W/m-°K) !
(kg/cm?) (kg/cm?)

1 92,50 | 1.00 6.00 0.50 11.00 0.40 27.50 30 81.00 | 8.40 7.44 3.25 23.50 0.70 33,57
2 92,50 | 1.20 5.60 0.75 11.20 0.42 26.99 31 80.70 | 850 7.50 3.35 23.80 0.71 33.52
3 91.80 | 1.50 6.10 0.77 13.10 0.43 30.59 32 80.00 | 8.70 7.52 3.78 23.70 0.72 33.15
4 91.00 | 1.73 6.20 1.10 13.84 0.46 30.38 33 79.65 | 9.00 7.60 3.75 23.90 0.72 33.19
5 91.10 | 2.00 6.20 0.70 14.47 0.48 30.00 34 79.00 | 9.30 7.62 4.08 22.00 0.69 32.12
6 91.00 | 2.05 6.10 1.70 13.98 0.50 28.17 35 78.65 | 9.50 7.70 4.15 21.00 0.64 3281
7 90.40 | 250 6.30 0.80 13.49 0.51 26.44 36 78.10 | 9.70 7.70 4.50 20.00 0.62 32.26
8 89.90 | 2.75 6.40 1.00 13.98 0.52 26.88 37 77.75 | 10.00 7.80 4.45 19.00 0.63 30.16
9 89.70 | 3.00 6.40 0.90 14.47 0.53 27.31 38 77.00 | 10.30 7.82 4.90 18.00 0.59 30.77
10 89.00 | 3.30 6.50 1.20 14.97 0.51 29.37 39 76.65 | 10.50 7.90 4.95 17.00 0.54 31.48
11 89.00 | 3.50 6.50 1.00 15.46 0.49 31.61 40 76.00 | 10.79 8.00 5.20 16.00 0.53 30.19
12 89.80 | 3.65 6.60 0.70 15.84 0.53 29.99 41 75.65 | 11.00 8.20 5.25 15.00 0.52 28.85
13 88.30 | 4.00 6.60 1.10 16.23 0.57 28.59 42 74.80 | 11.30 8.01 5.80 14.00 0.49 28.63
14 87.95 | 4.20 6.60 1.25 17.16 0.56 30.76 43 7445 | 11.50 8.10 5.95 13.50 0.46 29.49
15 87.60 | 4.50 6.70 1.20 18.09 0.55 33.00 44 7410 | 11.70 8.08 6.12 12.80 0.44 29.09
16 87.10 | 4.60 6.80 1.50 18.01 0.54 33.44 45 73.75 | 11.90 8.20 6.20 12.50 0.43 29.07
17 86.90 | 5.00 6.80 1.30 17.93 0.53 33.90 46 7250 | 12.30 8.30 6.80 11.70 0.42 27.86
18 86.50 | 5.45 6.89 1.20 18.40 0.55 33.74 47 7250 | 12.50 8.40 6.90 11.25 0.41 27.44
19 86.20 | 5.50 6.90 1.40 19.30 0.57 33.85 48 72.00 | 12.80 8.32 6.90 10.80 041 26.67
20 86.00 | 5.70 6.93 1.37 19.25 0.57 33.85 49 71.65 | 13.00 8.40 6.95 10.40 0.40 26.13
21 85.50 | 6.00 7.00 1.50 19.20 0.58 33.37 50 70.18 | 13.30 8.70 7.30 10.00 0.39 25.97
22 85.10 | 6.30 7.15 1.60 19.41 0.58 33.47 51 69.83 | 13.50 8.50 8.17 9.80 0.38 25.79
23 84.75 | 6.50 7.10 1.65 19.63 0.59 33.26 52 69.70 | 14.00 8.70 8.25 9.20 0.37 24.86
24 84.00 | 6.70 7.15 2.15 19.80 0.62 32.08 53 68.90 | 14.20 8.60 8.30 8.90 0.37 24.05
25 83.65 | 7.00 7.20 2.15 20.00 0.64 31.05 54 68.50 | 14.40 8.68 8.55 8.60 0.35 24.57
26 83.00 | 7.35 7.15 2.50 21.30 0.65 32.77 55 68.00 | 14.60 8.70 8.90 8.10 0.33 24.92
27 82.65 | 7.50 7.30 2.55 21.90 0.66 33.18 56 67.97 | 14.70 8.73 9.00 8.00 0.31 25.60
28 82.00 | 7.70 7.30 3.00 22.00 0.68 32.35 57 67.20 | 14.90 8.80 9.15 7.50 0.31 24.59
29 81.65 | 8.00 7.40 2.95 22.40 0.69 32.46 58 67.00 | 15.00 9.00 9.25 7.00 0.30 23.35
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According to the initial results, it is reported that mixtures containing a higher percentage of chilligua and sand
improve the mechanical strength up to a certain proportion. It is also observed that as the percentage of clay soil
and chilligua increases, the heat storage capacity improves (Figure 6). These results partly coincide with the study
of Calatan et al. who found that adding chilligua to clay soil adobes improves their strength and heat storage
capacity [26]. It is important to highlight that houses built with adobe are usually cool during the day and warm at
night [35], making them a good option for the high solar radiation areas of the Peruvian altiplano (between 4.70 and
7.78 kW/hour-m? according to Yancachajlla et al. [18]) and extreme minimum temperatures below zero during the
months of May to August [46].

The measured adobes presented different levels of compressive strength and thermal conductivity, suggesting
that walls can be constructed to regulate indoor thermal comfort based on external climate conditions. Similar
studies conducted by Balaji et al. found similar results, although they did not apply optimization models [5]. In
addition, the appropriate use of adobe in wall construction increases the comfort and energy efficiency of homes as
a biocomposite material [33,47] and contributes to sustainable development due to its low embodied energy and
hygrothermal behavior [48].

It is reported that the signs of the coefficients of the polynomial regression were as expected and that the coefficient
of determination of the model is good, explaining 87.88% of the variation in the dependent variable through the
independent variables (inputs). Furthermore, applying the F-test, the estimated coefficients jointly were statistically
significant at a significance level of 1% (Table 2).

Table 2. Results of the Polynomial Regression Estimation.

Variables Coeficiente 085) EE () T
Xy 963.448 910.03 1.06
X, 3.151 788.68 0.004
X, 4419.307 2.902.98 1.52
X, 1332.294 987.40 1.35
X{ -3.845 413 -0.93
X3 6.403 5.21 1.23
X3 -42.281 39.05 -1.08
X3 -6.417 5.26 122
X, X, 1.940 7.60 0.26
XX, -41.703 27.47 -1.52
X, X, -11.569 8.98 -1.29
X, X5 -32.604 27.46 -1.19
XX, -4.353 6.79 -0.64
XX, -41.687 27.60 -1.51
_const -58035.43 50043.35 -1.16
R? 0.8788
F(14.43) 22.27
Probability 0.0
N 58

3.3. Optimal Adobe Dosage Determination

Replacing the values of the obtained Bs in the polynomial regression, the optimal adobe dosage was obtained
with the combination of inputs in the following proportions: 83.0% clayey soil, 7.1% sand, 7.5% sheep manure, and
2.4% chilligua. This mixture generates a greater mechanical compression resistance and a lower thermal
conductivity, that is, 31.85 kg/cm? of mechanical compression resistance per unit of thermal conductivity in W/m-°K
within its properties
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1

1 -769 194 4170 -11.57| |-963.448| |83.0

) 1.94 1281 -32.60 -4.35 -3.151 7.1

X
X
X,| |-4170 -3260 -84.56 -41.69| |-4419.31| | 7.5
X,| |-11.57 -435 -4169 -12.83| |-1332.29| | 24

Figure 5, shows the relationship between mechanical compressive strength in kg/cm? per unit of thermal
conductivity in W/m-°K and each input, whose behavior is nonlinear. An excessive increase in any of the inputs
could decrease the mechanical strength and increase the thermal conductivity of the adobe.
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Figure 5. Behaviour of the Relationship between Compressive Strength in Kg/Cm? per Unit of Thermal Conductivity in W/M-°K.

The optimal dosing of inputs for the production of adobe, expressed as a percentage of weight, is as follows:
83.0% clayey soil, 7.1% sand, 7.5% sheep manure, and 2.4% chilligua. This mixture achieves a maximum
compressive strength of 31.85 kg/cm? per unit of thermal conductivity. However, it is important to note that if the
inputs are not properly dosed, the resulting adobes may be vulnerable to extreme natural events, such as
earthquakes, which can cause serious damage or even the collapse of structures [4].

On the other hand, it has been found that adobes reinforced with natural fibers and mud mortar have good
mechanical behavior in masonry walls [19,49]. The addition of fibrous materials, as well as an adequate proportion
of clay and sand in the clayey soil, allows reducing the formation of cracks and improving compressive strength,
significantly reducing the degree of cracking due to contraction [9,49].

Likewise, it has been found that adobes containing a mixture of clay and straw contribute to thermal comfort, as
they store heat during the day to release it at night, thanks to their thermal properties as an insulating material [9].
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In particular, the addition of chilligua at a percentage of 2.4% not only generates the required thermal comfort
but also the highest compressive strength, reducing the probability of cracks and reducing the risk of collapse of
housing. These results are consistent with the study by Sharma et al. which indicates that adding fiber in a
proportion of 0.5 to 2.0% shows an increase in soil compressive strength [8], thus providing greater safety in homes
built with a mixture of clayey soil and fibers [50]. Additionally, another study by Ige and Danso recommends
including chilligua in a proportion of between 0.5 and 0.75% in adobe production [17]. Indeed, the use of natural
fibers is important in the construction of housing walls [40].

In this study, it was found that the optimal dosing of inputs allows for achieving a compressive strength of 31.85
kg/cm? per unit of thermal conductivity in W/m-°K. The incorporation of chilligua in the dosing of reinforced adobes
significantly improves their compressive strength, avoiding cracks and increasing strength by 43.34% and 79.10%,
respectively [3]. In addition, the amount of clay present in the adobes shows a positive correlation with compressive
strength [45], while the inclusion of natural fibers in the mixture further increases this strength, reaching values over
23.45 kg/cm? during experiments with adobes exposed to the outdoors for 28 days [51].

The results of various studies confirm that the use of chilligua in adobe production allows for an increase in
compressive strength, which contributes to improving the thermal insulation of buildings [52] and offers the real
possibility of improving both their mechanical and thermal properties [53]. Therefore, establishing the appropriate
dosing of clay soil, sand, sheep manure, and chilligua to achieve adobes with greater compressive strength and low
thermal conductivity is essential to ensure the safety and thermal well-being of occupants in homes.

4. CONCLUSIONS

In the case study, the optimal dosage of adobe was determined through the combination of the following inputs
by weight percentage: 83.0% of clayey soil mix, 7.1% of sand, 7.5% of sheep manure, and 2.4% of chilligua. With
this composition, a higher compressive strength of 31.85 kg/cm?2 per unit of thermal conductivity in W/m-°K was
achieved. The recommended optimal dosage provides greater safety against seismic risks and, inside the housing,
offers greater thermal comfort in low temperatures due to its higher thermal inertia
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