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Abstract

This article analyzes the thermal characteristics and mechanical resistance of some cons-
truction materials and elements that use stabilized natural soils. The methodology inclu-
des a bibliographic compilation of primary and secondary sources and information from
in-house tests on density, thermal conductivity and resistance to compression, flexion
and cutting for adobe, CEB, rammed earth and wattle and daub. In addition, the data are
considered in relation to values for the thermal conditioning of buildings established by
Argentine IRAM standards. Comparisons are made among earthen construction methods
alongside some industrialized materials such as concrete blocks, hollow ceramic bricks, and
solid fired bricks. From this analysis, the authors conclude that the literature review is insu-
fficient for obtaining a standardization of thermal conductivity and transmittance values in
natural building materials and elements. Furthermore, the comparative evaluation demons-
trates how the density of materials and mortars used in different techniques are related to
thermal behavior and mechanical resistance.
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Resumen

Se analizan las caracteristicas térmicas y de resistencias mecanicas de materiales y elemen-
tos constructivos elaborados con suelos naturales estabilizados. La metodologia parte de
la recopilacién bibliografica de fuentes primarias, secundarias e informacién de ensayos
propios, sobre la densidad, la conductividad térmica y las resistencias a la compresion, a la
flexion y al corte correspondientes al adobe, los bloques de tierra comprimida (BTC), la
tapia y la quincha, segln diferentes autores. Ademas, se consideraron los valores estable-
cidos por normas argentinas IRAM referidas al acondicionamiento térmico de edificios. Se
elaboraron comparaciones entre si y con algunos materiales industrializados, tales como los
bloques de hormigén, los ladrillos ceramicos huecos y los ladrillos cocidos macizos. A partir
de este andlisis, se concluyé que la revision bibliografica no es suficiente para obtener una
estandarizacién de los valores de conductividad y transmitancia térmica de los materiales y
los elementos constructivos naturales. Asi mismo, a partir de las comparaciones de valores
se pudo observar cémo se relacionan la densidad de los materiales y la de los morteros,
segun las distintas técnicas, con el comportamiento térmico y las resistencias mecanicas.

Jlecnolog

Palabras clave: adobe; arquitectura sostenible; bahareque; bloque de tierra comprimi-
da-BTC; materiales vernaculos de construccién; propiedades térmicas; quincha; resistencia
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Introduction

This work is within the framework of the
PIP Multi-year Research Project No. 11220150
100570CO entitled Social Technologies in Urban
Habitats with Impoverished Populations. This
work has been funded by the National Scientific
and Technical Research Council (CONICET) and
by the Architecture, Design and Urban Planning
Department of the University of Buenos Aires, in
conjunction with the Optimized Wattle and Daub
Technology Research and Development Project
for Housing in Colder Arid and Semi-Arid Argen-
tinian Townships, also financed by CONICET.

In order to integrate exterior environments
with architectural works, an increasing number
of construction professionals conduct housing
and urban projects that incorporate sustainability.
Sustainability consists of adjusting human environ-
ments to meet a limiting factor: the environment’s
ability to meet human demands so that its natural
resources are not irreversibly degraded (Alavedra,
Dominguez, Conzalo & Serra, 1997, p. 42).

Among industrial activities, construction,
together with its associated industries, is the
largest consumer of natural resources like wood,
minerals, water and energy. Similarly, once con-
structed, buildings continue to be a direct cause
of pollution due to the emissions they generate,
thus impacting the regional environment by con-
suming energy and water for regular operations
(Alavedra et al., 1997, p. 42).

The manufacturing stages for construction
materials and their byproducts generally result
in a high environmental impact. This impact
starts with the extraction of natural resources to
be used in the manufacturing process and con-
tinues with the energy consumed at each phase
of the process. As a result, emissions enter the
atmosphere as pollutants that can be corrosive
and highly toxic. This process is repeated both
in the operation and in the use of a building,
until the materials are finally reduced to essential
parts that will be recycled or reused in a new
construction.

Sustainable construction criteria guide the pro-
duction of buildings with decreased industrial-
ized materials, thus avoiding, whenever possible,
the use of materials that end their life cycle as
dangerous waste or whose essential components

are difficult to break down. The main environ-
mental impact of construction materials include:
energy consumption, solid waste, contributions
to greenhouse effects, damage to the ozone layer
and other factors of environmental pollution
(Céseres, 1996, pp. 7-8 ,; Wassouf, 2014).

Soil is assumed to be the oldest construction
material that humanity has used, and it currently
represents a solution to the demand for low-cost
housing (Vega, Andrés, Guerra, Moran, Aguado
& Llamas, 2011, p. 3021). Even today, 30% of
the world’s population lives in earth shelters
(Freire & Tinoco, 2015, p. 18). This alternative
has numerous justifications, including: the high
availability of this raw material in nature, its
reduced pollution and the low CO2 emissions
during manufacture and transport stages (Piat-
toni, Quagliarini & Lenci, 2011, p. 2067), as well
as generating zero waste, both at the construc-
tion and demolition stages; likewise, one of its
most valuable properties is its thermal response,
which is essential for comfort and for reducing
the use of auxiliary heating or cooling systems
throughout the life cycle of a building.

The most common construction systems with
earth are adobe, wattle and daub, rammed earth
and CEB. In these natural construction systems,
most of the energy involved in production comes
from the sun because they are dried in the open
air, under the sun, without the need to resort to
oven drying, as in fired brick. This reduces the
consumption of non-renewable energy and the
corresponding emissions.

An important characteristic of the proper func-
tioning and amenity of a home environment is
a comfortable design for its occupants. In this
sense, the materials used in the building enve-
lope are fundamental because they integrate the
elements that separate the interior environment
from the exterior. The choice of these elements
depends on different factors, such as the tech-
nology that can be used, its structural response,
its life cycle, and its aesthetics.

Given that earthen materials have a hetero-
geneous behavior, they cannot be typified to
achieve a homogeneous response the way one
can with concrete, for example. In the case of
soil, its behavior will depend on the composition
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of each soil sample and each site (Minke, 2005,
p. 16). Thus, construction elements made from
different soils have different thermal, mechanical
and physical responses.

The present work provides a compilation of
data contributed by research projects and guide-
lines regarding variables in thermal behavior
and the mechanical and structural resistance
of earthen construction materials. Some of
these values are the result of experimental trials
conducted in accredited institutions around
the world. These refer to the properties of dif-
ferent construction technologies with soil, such
as adobe, rammed earth, wattle and daub and
CEB, among others. Some of the materials used
in traditional construction have been taken as a
point of reference, such as common fired brick,
hollow ceramic brick and concrete. Based on this
analysis, some considerations emerge that help
determine the most important characteristics of
earthen construction materials and the relation-
ship between them.

Methodology

A comparative analysis method was used
for both thermal properties and mechanical
strength. To this end, a bibliography was com-
piled containing extant publications by several
authors, along with the data from regulatory
guidelines and the experimental data obtained
by the authors of the present work. First, the
thermal and mechanical properties were defined
for evaluation. Then, comparative tables were
created for visualizing the thermal properties and
densities that various authors obtained for each
natural construction system (e.g. adobe, rammed
earth, CEB and wattle and daub) as well as for
the systems used in traditional construction (e.g.
solid brick, hollow ceramic brick and cast-in-situ
concrete).

To meet the minimum level of thermal com-
fort according to the bioenvironmental area,
the mud-construction wall thicknesses ana-
lyzed reflect the maximum thermal transmit-
tance values permissible for walls in Argentina
according to the IRAM Standard.

Finally, the same comparative procedure was
carried out for the mechanical resistances of both
earthen and traditional construction systems.
The values under comparison were obtained by
each author or each regulatory standard and are
in reference to the material’s resistance to cut-
ting, bending and simple compression.

The conclusion reflects an analysis of the
comparative thermal and mechanical resistance
derived from the literature review, as well as the
authors’ own reflections on the conditions for a
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potential development of earthen construction in
Argentina.

Results

Thermal and Mechanical Characteristics
of the Materials

Below are the definitions that link each mea-
sured property with forces or energy flows that
produce the values recorded in each corre-
sponding table.

Thermal Properties

Thermal properties refers to the greater or
lesser capacity to transmit heat or accumulate
it, thus determining the thermal inertia of a
construction. In reference to the material itself,
these capacities can be defined as: density, spe-
cific heat and thermal conductivity. In reference
to construction elements, such as horizontal
enclosures (ceilings), transparent vertical enclo-
sures (fixed frames, windows and shutters) and
opaque vertical enclosures (walls and doors),
these capacities are defined as: thermal transmit-
tance, heat capacity, thermal inertia and delay.
The meaning of these thermal properties is pro-
vided in the following sections.

Thermal Properties in Reference to

Materials

* Density (kg / m®): is the mass per volumetric
unit of a body. The greater or lesser density of
a construction material influences its insulating
capacity, as will be analyzed later. It should
be noted that density also affects mechanical
properties.

Thermal conductivity A [W/mK]: is the amount
of heat that is transmitted in one direction, per
unit of time and surface area, when the tem-
perature gradient in that direction is uniform.

Thermal Properties in Reference to

Construction Elements
Thermal transmittance K [W/m2K]: is the
amount of heat transmitted by an enclosure
in steady state, per square meter of surface
(perpendicular to heat flow), per unit of time
and per temperature gradient unit between
interior and exterior environments.

Thermal inertia: is the capacity that the mass
of the materials has for absorbing and accu-
mulating heat during daylight hours, which is
then released in order to condition the interior
environment (generally, at night). This helps to
achieve better thermal comfort by reducing
indoor temperature variations compared to
outdoor temperatures. The energy transfer
process is not instantaneous. There is a delay
in time for heat transfer by conduction from
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one side of the wall to the other, known as
thermal inertia. Figure 1 represents the con-
cepts of thermal lag, the time elapsed while the
heat absorbed by the wall reaches the opposite
side, and damping, the difference in energy
between the exposed face of the wall and inte-
rior (Gutiérrez & Gallegos, 2015, p. 61).

Mechanical Properties

Mechanical properties refer to the most impor-
tant variables for construction materials or tech-
nology. These properties are: simple compressive
strength, tensile strength and shear resistance.
Simple compressive strength is understood as the
ability of materials to resist crushing loads before
breaking. In the case of tensile strength, this is
the ability of materials to withstand loads that
tend to pull it before reaching breakage. Shear
strength refers to the ability to withstand shearing
loads. These resistances have the same expres-
sion; what changes in each case is the force that
is imposed on the element (Gieck, 2005, p. 136).

Once the concepts of thermal and mechanical
properties had been defined, the comparative
analysis of each one was carried out with respect
to the materials used both in earthen construc-
tion and in traditional construction, according to
the results published by different authors.

Densities and Thermal Properties of Some
Materials and Construction Elements used
in Industrial and Earthen Construction

Table 1 shows the density, thermal conduc-
tivity and thermal transmittance of different soil
mixtures and some earthen construction ele-
ments such as adobe, straw-mud mixture, solid
mud, CEB and wattle and daub. Table 2 includes
the corresponding values of density, thermal con-
ductivity, thickness and thermal transmittance
for walls of common fired brick, hollow ceramic
brick and cast-in-situ concrete.

Walls built with soil have density values that
vary between 750 kg/m?* for straw-mud mixture,
and 2000 kg/m?, for solid mud. In comparison,
densities for industrialized materials can range
between 1300 kg/m?, for common solid brick,
and 2400 kg/m?, for cast-in-situ concrete.

Sourced from several authors, the thermal
transmittance and thermal conductivity values
that correspond to the density values of these
materials are also provided. There are some dif-
ferences between the thermal conductivity of
the earthen constructions and the conventional
ones. In the first case, it is based on values of
0.30 W/mK for straw-mud mixture, 0.95 W/mK

In the second case, values range from 0.29 W/
mK, for hollow brick, up to 2.32 W/mK for solid
brick, with thicknesses of 0.18m-

Figure 2 shows thermal conductivity values,
in logarithmic scale, of the materials commonly
used in traditional construction. Expanded poly-
styrene shows the lowest thermal conductivity,
and copper shows the highest thermal conduc-
tivity. Figure 2 also plots the range of conductivity
for earthen building systems, which vary between
0.46 W/mK and 1.00 W/mK, illustrating the low
variation in thermal conductivity for earthen con-
struction compared to materials commonly used
in traditional construction.

An analysis of the relationship between mate-
rial density and thermal conductivity (Figure 3)
shows that materials with low densities have low
values of thermal conductivity. This is because
they have lower compaction and more voids,
which results in a lighter and more insulating
material compared to a denser and more com-
pact material. This dynamic can be seen in the
case of lightweight and cellular concrete, where
the higher the density, the greater the conduc-
tivity. In the case of adobe and compacted soil,
the density is relatively constant, so there is little
variability in conductivity; however, in the case
of light-weight soil and wattle and daub, the den-
sities are low, due to the presence of more air
and the manual construction technique used for
raising the walls (Table 1).

Another aspect, analyzed by several authors, is
the thermal lag of different construction systems.
Table 3 shows the comparative thermal lag of an
adobe wall versus a compacted soil wall, located
in the Bioenvironmental Zone Illb, with min-
imal thicknesses—according to IRAM Standard
11.605 (IRAM 11605, 1996, p. 16)—of 25 cm
and 35 cm, respectively. These provide a thermal
delay of 8.4 hours and 11.4 hours, both with a
similar thermal transmittance. Neither case poses
a risk of superficial or interstitial condensation.

°c
35-

i r = thermal delay
: b/a = damping
i te = exterior temperature

0 2 4 6 8 10 12 14 16 18 20 22 24 Horas

i ti = interior temperature
i tm = median temperature

O Figure 1. Thermal lag
curves for a wall

for adobe, and 1.60 W/mK for solid mud, with
variable thicknesses of 0.074 m for wattle and
daub to 0.35 m for adobe.

Source: Freixanet Sources
(2009, p. 122).
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Element/ P Density Thermal Thickness Thermal
. u o i c
Material Conductivity A Transmittance K
(kg/m’] [W/mK] [m] [W/m*K]
Evans, Schiller y Garzén (2012, p. 93) 1500 0.58 0.35 -
Evans (2007), p. 10 0.15 2.89
Espinoza, et al. (2009), p.208 0.85 0.38 2.23
Bestraten, Hormias y Altemir (2011), p. 7 1200 0.46 0.3 1.43
Adobe ..................................................................................................................................................................... .
Heathcote (2011), p. 119 1650 0.82 - 2.73
Arancibia (2013), p. 223 1600 0.95 - -
Daudon et al. (2014), p. 250 1600 0.81 - -
Moevus, Anger y Fontaine (2012), p. 7 1200-1700 0.46-0.81 - -
1600 0.73 - -
Hays y Matuk (2003)’ p. 245 ...........................................................................................................
1400 0.59 - -
1350 0.53 0.14 (tierra aligerada) 2.1
swnid o v -
mixture Minke (2005), p. 57 1000 0.4 - -
800 0.3 - -
750 0.2 - -
Yuste (2014), p. 36 750 0.2 - -
2000 1.2 - -
1800 0.95 - -
Minke (2005), p. 71 1600 0.8 - -
Solid Mud ........................................................................................................... .
1400 0.6 - -
1200 0.5 - -
Bestraten et al. (2011), p. 10 1400-2000 0.60 a 1.60 - -
0.14 2.84
Blasco et al. (2002), p. 5 1625 0.79 e :
0.29 1.84
Arias et al. (2007), p. 5 1700 - 0.14 1.53
CEB Mas y Kirschbaum (2012), p. 81 - - 0.15 2.77
Heathcote (2011), p. 120 1750 0.93 - -
Bestraten et al. (2011), p. 7 1700 0.81 - -
Moevus et al. (2012), p. 7 1700/ 2200 0.81/0.93 - -
Hays et al. (2003), p. 315 1289 0.17 - -
Evans et al. (2012), p. 95 1900 - 0.15 1.69
Ferndndez y Esteves (2004), p. 122 600 - 0.074 2.32
Wattle and Arias et al. (2007) - - 0.3 1.9
DaUD
Heathcote (2011), p. 120 2000 1.20
Cuitifo et al. (2015), p. 8 400 - 0.094 2.64
Moevus et al. (2012), p. 7 600-800 - - 0.10-0.45

O Table 1. Thermal properties of some earthen materials and construction elements of varied
thickness, according to various authors

Source: Autor’s elaboration (2019).
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Element/

Auth
Material uthors

Density p
[kg/m3]

Thermal Conductivity

IIW/mK] Thickness [m

Thermal Transmittance

] K [W/mK]

Blasco et al. (2002), p. 5 TBOB e s sttt
0.85 0.30 1.93
Wall of solid ~ Aranc e L e s
i _ Arancibia (2013), p. 70 1800 0.87 0.12 )
flred brICk ..................................................................................................................................................................
IRAM 11601, p. 16 1800 0.91 )
Evans (2007), p. 11 ) 0.15 277
Evans (2007), p. 11 )
Wallofhollow T o1 236
ceramic brick Mufioz et al. (2015), p. 34 0.29 012 )
o Arancibia (2013), p. 70 2400 1.63 . )
CaSt-In-Sltu mass ..................................................................................................................................................................
concrete Mufioz et al. (2015), p. 34 14 0.10 )
O Table 2. Thermal properties
of some traditional materials and
construction elements of varied
.. .. . . thickness, according to various
Thermal conductivity coefficient W/mK (logarithmic scale) authors &
0,01 0,1 1 10 100 1000 Source: Autor’s elaboration
.. (2018).
Air mmm 0,02 Conductivity range for
Cork m— 0/04 earthen construction
Fiberglass nmm—— 0,05
Wood s 0,13
Water 0,58 2
Brick mansessssssssssssm——— 0,65 8 7—()—‘Cnncre!e | A,J
f . o —=—Brick
Class nmaeeeesssssssssssm——— (0 3 E 14 —o—Aerated Concrete
! _;_> 12— —o— Lightweight Concrete /&
Stone I '1,5 2 ' {3—Adobe 5 70
5 M — - earth v
Steel M 55 § gj )\//ﬂé
AU N | 209,3 02 |
COpper 3 72 _I 0 0 500 1000 1500 2000 2500 3000
| ,

Similarly, the adobe thermal response is com-
pared to traditional materials, such as concrete,
brick and stone (Figure 4). It can be seen that in all
materials there is a linear interrelation between
the thickness of the wall and the thermal delay,
where adobe occurs as an intermediate point
between concrete and brick. If a more rigorous
study were to be conducted, it should be con-
ducted with the common brick wall thickness of
0.20 m, which carries a thermal lag of 6 hours.
For concrete walls of the same thickness, the
lag is 5 hours, but in adobe, walls are typically
built with a thickness of 0.30 m, which results
in a lag of 9 hours; that is, if the maximum peak
of outside temperature occurs at noon, all the
absorbed energy will be delivered to the indoor
environment by 9 pm, which is when it is most
necessary to achieve comfort. Omitting losses
from the external surface of the element to the
outside air, solar absorption of the outer surface
is considered uniform, which indicates a con-
stant value for all cases.

Vol. Nro. 1 2020 enero-junio

Analysis of the Maximum Admissible
Values for Thermal Transmittance of Walls
in Argentina

In order to optimize the vertical enclosures
of a house, the IRAM 11.603 (2012) and IRAM
11.605 (1996) standards were used to deter-
mine the maximum admissible value Kmax adm of
thermal transmittance K in walls for each bioen-
vironmental zone in Argentina (Figure 5).

Afterwards, considering thermal transmittance
as indicated in Tables 1 and 2, the enclosure is
checked against the different bioclimatic zones
according to the projected exterior tempera-
ture (in winter) of the capitals of each province.
IRAM 11.605 indicates 3 levels of hygrothermal
comfort: Level A: Recommended; Level B:
Medium; and Level C: Minimum. These are
partially defined by the non-existence of surface
condensation when indoor air temperatures are
maintained at certain values, in accordance with
IRAM Standard 11.625. The present study was

143

Density kg/m3

O @ Figure 2. Comparison
of thermal conductivity in
construction materials in W/
mK (logarithmic scale)
Source: Autor’s elaboration,
based on Edison (2018).

O Figure 3. Relationship of
density to conductivity

Source: Evans (2004), p. 15.
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conducted under guidelines for Level C: a tem-
perature of 182 C and a difference of up to 4° C
between the model interior temperature and the
interior surface temperature of the enclosure.

Table 4 shows the Kmax adm values for cities in
each province of Argentina, depending on the
model exterior temperature (TED) according to
the values of IRAM Standard 11.603.

Table 5 shows the maximum values of K
according to the bioenvironmental zone defined
in IRAM 11.603 and the level of thermal com-
fort. Buildings in bioenvironmental zone V and
VI do not require cooling.

Based on Level C comfort and the maximum
admissible thermal transmittance K values for the

Material Adobe Compacted Soil
Minimum thickness, IRAM Standard 25 om 35 em
e B0 108
Thermal Transmittance 1.71 W/m2K 1.79 W/m3K
Thermal Lag 8.4 hours 11.4 hours
Admittance 4.3 W/m?K 4.9 W/m?K
Superficial Condensation
(IRAM 11.625, 2000) No No
Interstitial Condensation No No
(IRAM 11.625, 2000)
O Table 3. Thermal Lag of
an adobe wall compared to a Concrete
compacted earth wall Brick
Stone
Source: Evans (2004, p. 15). Adobe
@ Figure 4. Thermal lag curves
for different construction
materials
Source: Evans (2007, p. 10). Thickness mm

@ Figure 5. Bioenvironmental
zones in Argentina

Source: IRAM 11603 (1996, p.

38)..
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IRAM Standard 11603:1996

Bio environmental classification
Zone | Very warm

----- Zone Il Warm

Zone Ill Warm temperate

Zone IV Cold temperate

Zone V Cold

Zone VI Very cold

& m
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winter season, Table 6 shows which materials are
thermally suitable for use in the construction of
enclosures within the various bioclimatic zones
of Argentina as established by IRAM 11.603.

For this analysis, the most common examples
of traditional construction were considered: 0.20
m thick brick wall, using 0.18 m wide bricks with
0.01 m of plaster on both sides, and concrete
blocks were without plaster. In both cases, the
surface resistance values were 0.13 m*K/W for
the interior and 0.04 m?K/W for the exterior.

The plastered brick wall described above pro-
vided a K value of 2.58 W/m?K, which does not
meet the requirements for any bioenvironmental
zone. If its thickness is increased to 0.30 m, the
value of K decreases to 2.03 W/m?K, adequate
only for summer conditions in bioenvironmental
zones llla, 1Va and Vb, which are marked as
very warm and warm areas (see Figure 4). In the
case of a wall made of concrete blocks filled with
fiberglass, it has a thickness of 0.19 m, which is
certified for all bioenvironmental areas. This is
the optimal option for winter.

Estimates for the Thickness of the
Exterior Wall According to the Earthen
Construction Technique Employed

Based on the analyses conducted by different
authors and standards, five earthen construction
techniques were chosen: adobe, CEB, rammed
earth, wattle and daub and straw planking. An
estimation was made for the minimum width of
a load-bearing or free-standing exterior wall that
would meet the certified K values for Level C com-
fort (see table 7) for a house located in Greater
Buenos Aires, bio-environmental zone IllIb (a warm
temperate zone with small thermal amplitudes
throughout the entire year). In the case of adobe
and CEB, exterior wall thickness varies from 0.35
m to 0.43 m. For rammed earth it is necessary to
work with wall thicknesses of 0.40 m. As for wattle
and daub and straw planking, both of which are
more insulating due to the cane in wattle and daub
and the air between the straw in straw planking,
both allow for a reduced thickness. For wattle and
daub, the external walls must 0.28 m thick. In the
case of straw planking, the required wall thickness
is 0.25 m. Furthermore, in the extreme case of the
town of Rio Gallegos, it was shown that the thick-
ness of the wattle and daub wall must be 0.27 m to
stay within Level C of the standard, yet a comfort
Level B can be achieved with a total thickness of
only 0.13 m by incorporating 2 cm of expanded
polystyrene (Cuitifo, Esteves & Rotondaro, 2014).
Observing these values, it can be concluded that,
for Creater Buenos Aires, enclosures using one
of these five techniques would be an acceptable
thermal alternative to the ceramic brick enclosure
with a thickness of 0.35 m.
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Bioenvironmental Kmax adm Kmax adm
A Model I.EXt' Temp. Zone Values for Winter Values for Summer
(Winter)
Figure 4 Minimum Level (C) Minimum Level (C)
Buenos Aires 3.10 Illa 1.85 2.0
Catamarca130 ............................. ”a185 ............................ 18 ..............
CordOba130|“a185 ............................ 20 ..............
Comentes760 ............................. |b185 ............................ 18 ..............
""" Resiencia-Chaco 590 W s 18
""" Parand-EntreRos 350 Wb s 18
...... F Orm05a770[a18518
..... Jujuy020|[b18518
...... L aRIOJaO40[a18518
""" PosadasMisones 690 b s 18
""" Sontiogo del Eser0 210 M s 18
Tucumanzzo ............................. “b185 ............................ 18 ..............
© OlverossanaFe 130 wo 1es T
Oransalta .................................... 49 .............................. ”b185 ............................ 18 ..............
© CdroRivadaviaChubut a0 v i I
""" SataRosa-laPampa 270 Wwa  1el 20
Mendoza ..................................... _100|Va175 ............................ 20 ..............
...... S anjuan-150|”a17120
...... S anLUIS-O7O|”a1782O
...... N euquen73IVb13320
""" Rio Gallegos-Santa Cruz 124 v oam
""" Barloche-RioNego 14 v oaas o
""" UshuaiaTierra del Fuego 86 Vo123

Mechanical Strength of Materials and
Elements of Enclosure Walls

There is a recurrent discrimination against
earthen construction due to a lack of knowledge
regarding the mechanical characteristics of its

Level Level Level

Zone B

Bioenvironmental

O Table 4. Maximum
admissible thermal
transmittance Kmax adm
values for each province in
Argentina

Source: IRAM 11.603, (2012).

y v @ Table 5. Maximum thermal

transmittance values according
to the bioenvironmental zone
and the level of hygrothermic

materials, components and construction systems.
Many authors have carried out tests on adobe, CEB
and rammed earth constructions to determine

resistance to simple compression, cutting and
bending stresses. This behavior is of the utmost
importance when designing and constructing.
Upon reaching the stage when the resistance of
the constructive elements is to be evaluated, the
construction system technique, the materials and
the proportions become relevant.

Adobe Peruvian Standard E.080 (Ministry of
Transportation, Communications, Housing and
Construction, 2000) defines adobe as a “solid

Vol. Nro. 1 2020 enero-junio

block of uncooked earth that may contain straw
or other material to improve its stability against
external agents and reduce cracks caused by
shrinkage upon drying.” In the case of CEB, the
process is more controlled because a press is used
to generate the compaction pressure, unlike in
adobe masonry, which is not manufactured with
mortar compaction. This compression implies an
increase in the density of the block, which gives
it superior mechanical qualities.

145

comfort.

Source: IRAM 11605 (1996,
p. 7).
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Type of Masonry llustration Certification

Solid ceramic brick B
e=020m ‘\V_;"?'j(‘ Not certified for any bioenvironmen-tal zone

K = 2.58 W/m2K

Six hole ceramic block

Certified for bioenvironmental zones la, lla,
llla, 1b y llb

K = 1.85 W/m2K

Nine hole ceramic block

Certified for all bioenvironmental zones with
the exception of llla, IVb and VI

K = 1.66 W/m?K

Thermal Ceramic Block

Certified for all bioenvironmental zones

K = 0.83 W/m?K

Sixteen hole Ceramic Block

Certified for all bioenvironmental zones with

P = 136 kg/m? the exception of IVb and VI

K =1.51 W/m?K

Load bearing ceramic block

: Not certified for any bioenvironmen-tal zone
P = 151 kg/m? \ /

K = 1.88 W/m2K

Three hole concrete block

e =0.20m
-------------------------------------------------- Not certified for any bioenvironmen-tal zone
D = 1900 kg/m?
K = 2.70 W/m2K
Two hole concrete block
e=0.195m
-------------------------------------------------- Not certified for any bioenvironmen-tal zone

K = 2.08 W/m?K

Concrete block with fiber-glass
filling

Certified for all bioenvironmental zones

K =1.12 W/m2K

@ Table 6. Bioenvironmental Partition Concrete Blocks

zone certification of the ﬁ

thermal transmittance of e=019 m __________________________________ Certified for all bioenvironmental zones with
various materials D = 2200 kg/m?® s the exception of VI

Source: Autor’s elaboration, ...

based on IRAM 11.601 (2002, K = 1.66 W/m2K

p. 14).
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Rammed earth differs from the previous
components because it is produced using a
moveable formwork where the stabilized earth
is compressed in layers, by means of a tamper,
and in this way the wall is constructed in parts.
Tables 8, 9, 10 and 11 present values obtained
by various authors for compressive, flexural and
tensile strength based on standardized tests in
different countries and their own data.

In the case of adobe, the compressive strength
varies between 3 kgf/cm? and 21 kgf/cm?; its
tensile and shear strengths are very low: 3.16
kgf/cm?. CEB shows an improved response with
values ranging from 17 kg/cm? to 121.8 kg/cm?.
The oscillation reflects the cement content in the
mixture: as the aggregate percentage of cement
increases, the resistance to compression and
bending increases. Finally, rammed earth has a
variable resistance according to the sand-clay
mixture and the thickness of the wall. Thus, the
values obtained vary between 46 kgf/cm? and
196 kgf/cm?. In the case of other materials and
components, such as common fired brick, table
12 shows compression values from 17.5 kgf/cm?
to 78 kgf/cm?. For hollow concrete block, these
values range between 45.5 kgf/cm? and 130 kgf/
cm?. According to these data, it can be seen that
adobe has very low values of mechanical resis-
tance, so it would be necessary to reinforce the
construction to improve its structural behavior.
CEB and rammed earth have a better response
than adobe in terms of standardized mechanical

Technique / Type of Wall

strength values, and they can be framed between
the responses of common fired brick and con-
crete blocks. However, despite its best response,
it should be borne in mind that, in the case of
manufactured systems, it is about 0.18 m thick,
and in the case of earthen construction systems, it
is about 0.30 m and 0.90 m thick.

Discussion

This study provides a comparative analysis of
the thermal and mechanical behaviors of various
construction materials and elements made from
stabilized natural soils in relation to the proper-
ties of some conventional industrialized mate-
rials. It shows the difficulty in homogenizing the
values for adobe, light-weight soil and rammed
earth techniques. This behavior is a result of the
variable densities and the range of materials and
mortars typically used in their manufacture.

It was also shown that the thermal conduc-
tivity varies exponentially with respect to density,
which changes according to the presence of veg-
etable fiber and the degree of compaction. That is,
the greater the compaction, the lower the porosity,
or percentage of air pockets; thus, the insulation
also decreases and thermal conductivity increases:
the higher the density of the construction element,
the greater the conductivity value. This behavior is
probably the origin of the differences, sometimes
notable, between thermal conductivity values,
or thermal transmittance values, in the results

Thickness of exterior wall (m)

Load Bearing

Free Standing

Adobe (density of 1500 y 1600 kg/m?)

CEB of 0,14 x 0,29 x 0,096 m
(density of 1700 y 2000 kg/m?)

Tamped-straw planking (density of 500/700 kg/m?)

Double 0.43 0.43

Single 0.43 82?

Double 0.35 0.35
................................... 0 40040
............................................... 028
............................................... 025

@ Table 7. Estimates of the
minimum necessary thickness
of the outer wall to be certified
for level C hygrothermal
comfort in bioclimatic zone
IlIb (central area of Buenos
Aires Province).

Source: Autor’s elaboration

(2018).

O Table 8. Mechanical
resistance values for adobe.

Source: Autor’s elaboration

(2018).

Country Author

El Salvador Pons (2018), p.1
Estados Unidos McHenry (1996), p. 184
Uruguay
Bélgica

Red PROTERRA Rotondaro (2011), p. 23

Colombia Rivera (2012), p. 176

Vol. Nro. 1 2020 enero-junio

Mazzeo et al. (2007), p. 71

Houbén y Guillaud (1984), p. 148

Resistance kgf/cm?
Adobe compression (unit)
Adobe compression (unit) (laboratory)
Adobe compression (unit)
Adobe compression (unit)

Adobe compression (unit)

Adobe compression (unit) modular flexion breakage
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Compressed Earth Block (CEB)

Country Author Resistance kgf/cm?
Unit Compression-press 121.8
Argentina Gatani (2002), p. 2"'] ........................................................................................................................
Compresién unidad-impacto 76.8
Unit Compression f'u 50. f'um 70
Arias ot al. (0 gE T
Argentina flas et a ( 006),’ ,p,3 Unit Compression 1:1:2 cem-sand-earth 50
*Ponencias, ComiIsiON 4
Masonry compression for 28 days 50
. . 17/20
Etchebarne, Pifiero y Silva . .
Uruguay ! Unit COMPression oo
(2006), p. 16 40
Argentina Sanchezetal. compression O 42:22; BT 46.56; 10%: 6076
(2008), p.194 Unit Compression 6%*: 55.98; 8%*: 56.50; 10%*: 89.28
Dry unit Compression 6%*: 75.79; 8%*: 78.32; 10%*: 91.33
R . PO PSP
Mo S . T U COMPISSON, e S0 434 8% 3750 10036173
Flexion 10 days 6%*: 10.30; 8%*: 11.23; 10%*: 14.05
Colombia Bedoya-Montoya, M. (2018), p. 67 Compression 28 days 39.8
Compression earth only 2.7
Brasil DeSouzaetal. e S
(2008), p. 175 6% cem 24.7
10% cem: 40

* Porcentaje de agregado de cemento

Rammed earth

Author / Example

Country

Brasil Neves (2006), p. 4 Compression Gives way at min. 10
Compression 1-5%196; 1-6*: 136; 1-8*: 104
Argentina Luciano et al. (2006), P. 9 wrrrrrrrrrr s
With 8.5 % humid 1-10*: 72; 1-12*: 60; 1-15*: 56
Argentina Arias et al. (2006), p.10 Compression 1:8%: 65

* Earth and cement
achieve that level of insulation with conventional

O Table 9. Mechanical
resistance values for CEB

Source: Autor’s elaboration
(2018).

O Table 10. Mechanical
resistance values for
compression of rammed earth

Source: Autor’s elaboration
(2018).
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obtained through the standardized tests that dif-
ferent authors conducted. Using data from Tables 1
and 2, Table 13 summarizes the thermal behavior
by providing the range of values for density, con-
ductivity and thermal transmittance, regardless of
the authors who conducted the original studies.

It can be seen that the density values for mate-
rials used in earthen construction techniques that
possess low fiber density mortars or compacted
stabilized soils have values between 1200 kg/m?
and 2200 kg/m?. It is not possible to work with
lower densities because doing so implies the exis-
tence of more air incorporated into the mortars.

In the case of the most common industrialized
materials in conventional Argentinian construc-
tion, it can be seen that they possess higher den-
sities: between 1305 kg/m? and 2400 kg/m?.

Regarding IRAM Standard 11.605, it can be
concluded that 1.85 W/m? K are necessary to
achieve environmental comfort Level C in zone
Illb, the Province of Buenos Aires. Thus, to

148

technology, walls made with common solid brick
require a thickness of 0.35 m, and in the case of
hollow ceramic blocks and load bearing ceramic
blocks, a wall 0.20 m thick is needed. Compara-
tively, the necessary thicknesses estimated for the
exterior walls of adobe and CEB range between
0.35 m and 0.43 m; for rammed earth, a wall of
0.40 m is needed; in the case of wattle and daub,
a thickness of 0.28 m is needed; and for straw
planking, a thickness of 0.25 m is needed.

The other behavior under analysis was mechanical
resistance, primarily, to simple compression, because
it is one of the most important mechanical proper-
ties of earthen materials and building components.
In the case of simple compressive strength, the range
or variation is between 3 kgf/cm? and 21 kgf/cm? for
adobe, except for a single value of 30.4 kgf/cm? in
Table 9, which shows very low tensile and shear resis-
tance. The simple compressive strength improves in
the case of the CEB, with values between 17 kg/cm?
and 121.8 kg/cm?, comparable to those of common
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Country

Author / Example

Shear Resistance (kgf/cm2)

Adobe wall w. 0.20 m

Colombia Yamin et al. (2007), p. 297
Argentina Cuitifo, Maldonado y Esteves (2014), p. 241
Argentina Norma INPRES CIRSOC 103-Ill (2016)
Gatani (2002), p. 211
Cuitifio et al. (2014), p. 244
Norma INPRES CIRSOC 103 (2016, p. 23)
Argentina
Reglamento CIRSOC 501 (2007, p. 27)
Chile Valdez y Rapimén (2007), p. 87

Load-bearing cement block

(E): Elevated resistance; (I): Intermediate resistance; (N): Normal resistance

Thermal Transmittance

Material Density kg/m*  Thermal Conductivity W/mK W/m2K

Adobe 1200-1700 0.46-0.95 1.43-2.89
""""""" s aesae0  omoss  imass
""""" sofdmd 1002000 oseteo
""" Watleanddab 4002000 o420 osaed
Commonfiedbrick 1051800 osam 13270
""" Massconrele 200 aa0es o

fired brick, which can range from 17.5 kg/cm? to 70
kg/cm?, and those of hollow concrete blocks, which
are between 45.5 kgf/cm? and 130 kgf/cm?.

Conclusions

As a final reflection, and considering the results
of this research, even taking into account the
distinctive features and limited behavioral stan-
dardization for different materials, mortars and
construction elements, the projected develop-
ment of earthen construction and architecture in
Argentina is very relevant in the field of housing.
This projection is based on the fact that, in recent
decades, there has been an increase in the use
of this technology to produce homes and public
buildings throughout Argentina, from regions
with the highest seismic vulnerability to those
with the lowest. In the near future, these changes
could contribute to an improvement in offers for
the construction of habitats, with a clear orienta-
tion towards sustainable architecture, as well as
a reduction in the housing deficit.

Vol. Nro. 1 2020 enero-junio

It is possible that this increase in constructions
with earthen technology has been influenced
by the inherent characteristics and properties of
their mechanical and thermal behaviors, such as
insulating capacity, ease of construction, the use
of natural local materials, and a low relative eco-
nomic expense.

Likewise, the structural aspect of some earthen
construction techniques can be beneficial if
they are met with quality design and execution
regarding the wall width, reinforcements and
proportionality. This is relevant for seismic zones,
since this technology offers the possibility of pro-
ducing earthen constructions with light, flexible
and resistant structures.

The greater acceptance of and interest
in earthen construction are an incentive to con-
tinue investigating the advantages of its thermal
properties and characteristics and the mechan-
ical resistance that characterize the different
construction methods that use modified natural
soils and buildings of increased environmental
comfort and structural stability.
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O Table 11. Shearing

and simple compression
resistance values for earthen
and industrial construction
materials and components
(Reglamento CIRSOC 501)

Source: Autor”s elaboration
(2018).

O Table 12. Range of
density, conductivity and
thermal transmittance values
for earthen and industrial
construction components and
materials

Source: Autor’s elaboration
(2018).
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Lima Metropolitana

The capital of everyday urban mobility: Motility on the periphery
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Experiencias y retos del uso de datos de aplicaciones moviles para la
movilidad urbana

Experiences and challenges of using mobile application data for urban mobility
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