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Abstract: Buildings of the future are called to meet increasingly high-performance requirements and
to ensure adequate environmental sustainability of the production and construction chain. This issue
has stimulated a keen interest in the use of natural materials in construction. Among these, raw earth
has proved to be particularly interesting for its intrinsic availability, sustainability, and recyclability.
In Europe, the spread of raw earth building technologies has often been hindered by the lack of
specific legislation regulating its use for load-bearing structures, even if in many countries, it can
be noticed a widespread and well-established constructive tradition. Some transoceanic research
experiences attest that unfired earth can be used, together with different types of reinforcements,
to create seismic-resistant buildings. After presenting a review of the main raw earth reinforced
technologies, the present study focuses on a novel reinforced and modular rammed earth construction
made with natural or recycled materials, developing a technology with low energy consumption
and low environmental impact, specifically designed for areas with high seismic risk. In particular,
the work presents the results of a prototyping procedure aiming at developing a new seismic-
resistant construction system that combines rammed earth with timber reinforcement elements and
nylon/polyester ropes. These elements have a dual function: (1) they are fundamental components of
the construction process (as they integrate the formwork system), and (2) they act as seismic-resistant
devices once the structure is completed. In line with the performance-based approach required by
the construction sector, the study aims at defining a controlled and standardised supply chain for
rammed earth construction.

Keywords: rammed earth construction; prototyping; production and constructive process; seismic
resistance; thermal performance

1. Introduction

In line with international and European directives [1,2], the construction sector today
must respond to a series of new demands, being the most pressing those concerning
the reduction in available resources, the containment of energy consumption and the
abatement of CO, emissions. Buildings based on the use of natural building materials
have attracted international attention in response to the current energy crisis and the
deterioration of the world’s natural environment. Raw earth as a building material is
taking on new importance due to its availability, lack of toxicity, recyclability, low energy
incorporated in the manufacturing/production phase and good thermo-hygrometric and
acoustic performance.

At the same time, the construction sector today, especially in western industrialised
countries, requires performance-based design (and therefore quantitative guarantees of the
expected performances), which the raw earth construction sector does not currently have.
Therefore, starting from the desire to renew the tradition of using natural and sustainable
materials, the construction market is called upon to offer economic, sustainable products
that are also certifiable following a controlled and standardised supply chain.

In the context of new construction, solid rammed earth building systems (also in com-
bination with reinforcing framed structures) have undoubted environmental benefits and
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high thermal performance in temperate climates, such as the Mediterranean, characterised
by a large thermal oscillation between day and night. The high thermal mass, and therefore,
the inertia of these building envelopes, stabilises and balances the internal temperatures
and humidity of the buildings, ensuring internal comfort conditions [3,4]. In addition,
rammed earth envelopes have high fire resistance and excellent acoustic characteristics.

The present study focuses on a novel type of reinforced and modular rammed earth
construction made with natural, low-cost or recycled materials from other production
chains to develop a technology with low energy consumption and low environmental
impact, specifically designed for areas with a high seismic risk.

The investigated solution differs from current raw earth technologies, which follow
two main development paths: the first is more linked to the vernacular knowledge of
local labour, characterised by artisanal production and construction methods [5-8], which
determine uncertainty about the performances of the material and the building. The second
is characterised by the use of industrial materials for structural purposes, with generalised
use of steel reinforcements and stabilisation of the soil mixtures using synthetic binders,
such as cement [9,10], which could compromise the sustainability of the process and the
recyclability of the product.

The proposed system is in an intermediate position, as it maintains the focus on the
use of sustainable and recyclable materials and, at the same time, guarantees an adequate
and durable response in terms of seismic resistance and thermophysical performance.

2. State of the Art on Raw Earth Reinforced Technologies

The bibliographic research on historical and contemporary raw earth constructive
technologies was based on scientific publications, traditional construction manuals, com-
mercial technologies, standardised and patented construction systems. The objective of
this analysis was to identify the best performing reinforcement systems for raw earth walls.
Raw earth walls are usually combined with high-tensile strength functional elements that
improve their seismic-resistant behaviour (timber frames, reeds, natural and non-natural
fibres nets and ropes, etc.). In the analysis, a series of information concerning the studied
technologies are provided:

the name, the geographic location and the indication of when the system was adopted;
the constructive process used (in situ, prefabricated or partially prefabricated);

the composition of the loadbearing structure (type of walling structure, type of
adopted reinforcing elements, number and position of reinforcing elements with
reference to the cross-section of the walls, materials used);

type of floors;

anti-seismic devices adopted, if any;

thermal improvements adopted, if any;

connection details, if detailed.

Among the historical building systems, including stone masonry, the construction
principles of the Baraccate Houses (Italy), the Pombalino System (Portugal), the Himis
System (Turkey) and the Lefkada Islands system (Greece) have been studied. These
construction systems, many of which have been developed from the opus craticium adopted
in Roman provinces [11], have shown excellent resistance to real seismic events. In the
last few years, numerous studies have aimed at their structural modelling. In all historical
systems, it is possible to identify the following anti-seismic strategies:

connections between orthogonal walls (by means of ring beams or ties);
the lowering of the centre of gravity of the building (by using heavier material at the
ground floor, and lightweight ones at superior floors);

e theincrease in the deformability of the walls (by the addition of high tensile strength
materials or reinforcements);

e the reduction in the structure’s weight (by the addition of lightweight materials as
aggregates or reinforcements).
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The system of the Baraccata house, widespread in several Italian regions (Basilicata,
Campania, Calabria, and Sicily), consists of a stone or adobe masonry reinforced by a timber
frame. The latter is composed of horizontal, vertical and oblique elements, which are riveted
together and act as bracing, with a cross-section between 10 and 12 cm. This reinforcing
system allows for good box-like behaviour of the masonry [12]. This construction system
has been subjected to cyclical in-plane tests in the framework of research by CNR-Ivalsa and
the University of Calabria [12], scientifically demonstrating the validity of this construction
scheme in the dissipation of seismic energy and in the acquisition of greater ductility
(provided by the timber framing) and resistance (provided by the masonry).

A similar analysis was carried out on the Gaiola Pombalina system, adopted in Lisbon
after the 1755 earthquake, a construction system characterised by the adoption of shear
walls made with a continuous timber frame for all the floors of the building and to which the
timber floors are anchored. The timber frame is composed of non-deformable triangles that
form a three-dimensional stiffening structure that performs well under static and dynamic
loads; the fields between one timber element and the other are filled with various material
(limestone blocks, bricks, mortar), which give ductility to the structure, increase the energy
dissipated in the earthquake event and the cyclical rigidity, as demonstrated by [13,14].

The construction system developed in the Greek Lefkada islands adopted a masonry
ground floor coupled with an auxiliary structural timber system located on the inner side
of the wall; the lightweight timber-framed structure of the upper floor lies on these two
structural systems [15].

Finally, the Turkish Himig construction system follows the scheme of the Ottoman
houses, providing a massive stone masonry on the ground floor, combined with timber
ring beam, while on the upper floors, the lightweight walls are composed of timber frames
filled with bricks and/or adobes [16].

As far as contemporary construction is concerned, most technologically advanced
countries such as Europe, North America and Oceania offer rather homogeneous tech-
nological solutions for raw and rammed earth construction, with the use of vertical steel
reinforcement for the walls, connected to a top and a bottom concrete beam. This reinforce-
ment guarantees a seismic-resistant behaviour [17,18].

Among raw earth construction techniques, rammed earth (and its prefabricated vari-
ant) and compressed earth blocks constitute the largest slice of contemporary production.
Lehm Ton Erde’s experience [19] has breathed new life into earth construction in Europe,
but it has rarely been adopted in areas characterised by seismic risk and only in combi-
nation with metal reinforcement. A similar approach has been used by David Easton in
Watershed Materials: compressed earth blocks using concrete masonry units technology
and reinforced with steel bars [20]. Another interesting solution is the one presented by
Sirewall [21], which uses a patented formwork for the realisation of a cavity rammed earth
wall, cement stabilised and reinforced with steel rods that are connected by brackets. Two
wythes of the rammed earth wall surround a layer of polyisocyanurate insulation to create
a seismic-resistant wall with high thermal performance.

A similar system is described both in New Zealand Building Code [22] and in the
American Reinforced Cob Standard [23]. Both these codes describe reinforced and sta-
bilised earth walls built with horizontal (steel brackets or grid) and vertical steel rebar
reinforcement if needed. Walls are well connected by the vertical rebars to the footing and
to the bond beam (realised in concrete [22,23] or in timber [22]).

In [24], reinforced rammed earth walls” mechanical behaviour under pseudo-dynamic
loading is investigated. Rammed earth walls are strengthened with polyester fabric strips
to exploit the compressive strength potential of rammed earth and to solve its lack of tensile
strength. In this research, in-plane cyclic tests were carried out to investigate the shear be-
haviour of unstrengthened and strengthened walls. The proposed strengthening technique
requires low-tech equipment and workmanship, easily available, not expensive and indus-
trially standardised materials. The experimental results were analysed in terms of stiffness
degradation, energy dissipation capacity and equivalent viscous damping. Although the
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unstrengthened and strengthened walls confirmed a limited ductile behaviour, the findings
confirm that the strengthening contributes to limiting the spread of the diagonal cracks
and provides an increase in strength in terms of horizontal load and displacement capacity.

On the other hand, between developing countries and with particular attention paid to
the South American context, different building systems, both historical and contemporary,
have been analysed in territories that are among the most seismic on our planet. Reinforced
earthen construction techniques are present throughout South America, as evidenced
by the research and dissemination activities carried out by the PROTerra network: from
the tabique/bahareque to the Peruvian quincha to the reinforcement systems for adobe and
rammed earth masonries [25]. Concerning adobe and rammed earth walls, reinforcement
can be internal or external to the wall thickness, with numerous variations that have been
refined over time [26].

In Chile, a historical mixed earth-timber system, called tabique-adobillo, was developed
beginning in the middle of the 19th century [6] because of the increased quantity of timber
entering the port of Valparaiso for the construction of boats. This standardised and modular
constructive system presents cruciform timber posts with a reduced cross-section, spaced
every 50 cm as if it were a progenitor of modern platform-frame systems. Moreover, it
presents diagonal bracing elements. The fields between these cruciform posts are filled
with adobe bricks shaped to fit the section of the posts, improving the acoustic and thermal
comfort of the construction. These adobes also contribute to earthquake resistance. A
surface reinforcement system, made of iron wire, metal mesh or timber battens, allows
counteracting the possible overturning of the adobe bricks.

Still in Chile, work continues the favourable combination of earth filling and timber
reinforcement system even in contemporary times, as demonstrated by the development
of the patented construction system promoted as “E-Logic Wall” [7]. In this system, a
raw earth infill (possibly mixed with wood chips, polystyrene or other materials lowering
the thermal conductivity) is confined by a timber structure composed of coupled timber
posts and stiffening elements to which a surface reinforcement system (made with timber
diagonals) is connected. In this way, the structural box behaviour of the walls is assured.

Other raw earth-based systems using timber [8,27-29] or bamboo [30,31] reinforcing
skeleton insist on the importance of adopting timber /bamboo columns in continuity with
the raw earth walls but lack detailed connections between these elements in the cross-
section of the wall.

All these systems use a top ring beam connected to the vertical reinforcing members.

Peru, one of the few countries that boast research in the field of earthquake-resistant
earthen construction, deserves a special mention. In 2017, Peru adopted a new construction
standard for reinforced earthen construction [5]. This regulation collects the experiences
that have been carried out at Pontificia Universidad Catolica del Perii [32] on the effectiveness
of different reinforcement systems for earth masonry. In particular, the standard describes at
least four types of reinforcement systems among adobe and rammed earth ones. According
to the standard [5], adobe masonries can be reinforced by (1) an embedded reeds grid in the
wall, with vertical reeds (spaced about 3540 cm and connected to horizontal split canes)
and horizontal split ones (embedded in the mortar and placed every four adobe rows at the
bottom part of the wall, every three at the middle and every two at the top); (2) a geogrid
exterior reinforcement that is installed and blocked by flexible cross connectors, with the
prevision of an overlapping of the grid, so it works continuously all over the wall; (3) an
exterior rope mesh reinforcement composed of vertical and horizontal tensioned ropes that
are blocked by rope cross connectors. This last system is also recommended for rammed
earth construction. All the reinforced systems presented in the Peruvian Standard also
recommend the use of a timber ring beam composed of two longitudinal members and
several cross connectors, which must be firmly connected to the reinforcing system of the
walls. Moreover, the standard encourages the use of natural and vegetal reinforcements as:

e  entire canes (hollow or solid), approximately 25 mm in diameter as vertical reinforce-
ment and split ones, as internal horizontal reinforcement;
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e timber post with diameters greater than 25 mm as vertical reinforcement and natural
ropes with a minimum diameter of 6 mm as horizontal reinforcement;

e woven vegetable fibre branches, in packages with diameters of 25 mm as external
vertical reinforcement and loose braided branches or ropes as external horizontal
reinforcement, with diameters greater than 6 mm;

e ropes made of natural fibres braided into external orthogonal meshes.

3. Design Proposal and Methods
3.1. Multiphase Prototyping

A design-simulation-validation approach, characterised by several design iterations,
has been carried out. Prototyping and validation procedures were used for designing the
reinforced and modular constructive technique and building process. Particularly, the
first design of the constructive system was carried out at the Centro Tierra of the Pontificia
Universidad Catdlica de Peru, the main formulator of the Standard E 080—Disefio y construccion
con tierra reforzada [5]. According to this standard, the construction system must use at
least a solid 40 cm thick rammed earth wall and the building characteristics (wall’s height,
spacings between loadbearing elements, voids width) must respect specific features, as
shown in Table 1; finally, the rammed earth walls must present a reinforcement system
according to those indicated in the previous paragraph.

Table 1. Verification of the preliminary design according to [5].

Data Symbol Value [cm] Condition Verification
Raw earth wall thickness e 40 - -
Buttress Thickness I 40 Deg>e OK
Raw earth wall Height H 256 - -
Spacing Between loadbearing elements L 380 - -
Voids width a 70 Ia<L/3 OK
Distance from the void to the buttress b 155 (IIT) 3e < b < 5e OK
Horizontal slenderness A =L/e 9.5 £, <10 OK
Vertical slenderness Ay =H/e 6.4 or 8 if (I{{/‘)I ifig verified OK
Relation between horizontal and vertical (IV) L + 1.25H < 17.5e 700 <700
slenderness ) ) (V) &, +1.254, <175 175 <175

The first design of our technology involved the use of prefabricated rammed earth
panels (produced under controlled conditions in order to ensure a high-quality product) to
be used together with a timber reinforcement frame as in [28,29] to improve the overall
strength. According to this system, the earthen masonry responds mainly to vertical loads,
while the timber elements absorb the bending and shear stresses caused by any earth-
quakes, increasing the inertia of the cross-section. Moreover, an auxiliar horizontal surface
reinforcement made by ropes was adopted to prevent from out of plane mechanisms, as
in [33,34].

The construction of a scaled rammed earth model for a qualitative comparative
dynamic test helped us in the verification of the constructive system and process. The
objectives of the qualitative comparative dynamic test were to compare the qualitative
seismic behaviour of reinforced and unreinforced rammed earth models using a portable
shake table and to compare the effectiveness of natural and low-cost reinforcements with
industrial ones. The adopted qualitative test was already implemented by [35,36] and
consisted of the simulation of the qualitative seismic behaviour of different scaled building
models, using a portable shake table activated by a bike-type mechanism. The maximum
model weight is approximately 80 kg as the energy to start the test is provided by a man by
the bike-type mechanical system.

During the test, three constructive solutions were compared: the traditional and
unreinforced rammed earth system realised in situ, the contemporary concrete-reinforced
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rammed earth system realised in situ and a low-cost reinforced prefabricated rammed
earth solution (using a timber reinforcing skeleton and an auxiliar rope reinforcement).
In particular, the last one represented the first design of our reinforced rammed earth
technology. The three modules have been realised on a scale of 1:10. In order to show
the typical weakness of raw earth walls when subjected to an earthquake (joints between
bricks/blocks, connections between orthogonal walls), Serrano et al. [36] do not use any
mortar between the construction elements to discourage the rigid block motion of the
models; the same approach was followed during our test. In the first phase of the test, the
three modules were put on the top of the portable shake table to be tested simultaneously.
In the second phase of the test, small impulses were given to the shake table through
the pedals, causing the collapse of the unreinforced rammed earth model right at the
beginning. In the third phase of the test, the rigid concrete slab of the concrete reinforced
model experienced a higher acceleration and was projected out of the table. The low-cost
reinforced prefabricated rammed earth showed cracks in the joints but did not collapse.
Three phases of the qualitative comparative dynamic test are shown in Figure 1.

Figure 1. Phases of the qualitative dynamic comparative test: (a) the three models are placed on the shake table; (b) collapse

of the unreinforced model; (c) better performance of our technology compared to concrete reinforced model.

The results of this test showed the effectiveness of our seismic-resistant design, but
during model preparation, the need to simplify the constructive process was also observed,
especially when referring to the installation of rammed earth panels in the reinforced
system. For this reason, we abandoned the idea of using prefabricated rammed earth
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panels in favour of on-site built walls, with a controlled earth mix, and reinforced by
prefabricated timber elements (posts, ring beams, lintels) and auxiliar rope reinforcement.
In this system, the reinforcing timber frame has a dual function: it works as a support
element for the formwork during the construction phase, and it acts as a reinforcement for
the walls in the event of an earthquake.

The new constructive system and processes were designed and controlled by the
construction of several 3D models. Finally, with the help of the industrial partner, a
full-scale prototype has been built on the basis of the hypothesised construction phases.

3.2. Performances Validation

The performances of the proposed constructive system have been deduced both from
the literature review and validation procedures.

The good mechanical performance of the designed rammed earth reinforced construc-
tive system was deduced from several full-scale tests made on rammed earth building
models at the Pontificia Universidad Catélica de Peru. In particular, the effectiveness of the
timber reinforcement system has been proved by the tests realised in [28]: with this kind
of reinforcement, the walls can withstand bending moments at least three times higher
than the unreinforced walls [29]. As highlighted by the authors, one of the advantages of
placing the reinforcement in the walls by connecting it to the wall joints and the foundation
is that it allows a greater rigidity to the roof beams, therefore ensuring that the roof be-
haves as semi-rigid and the floor beams as edges horizontal braces. Another advantage of
including a reinforcement to the walls, timber or otherwise, is that if the walls fail during a
severe or rare earthquake, failure is not due to slippage in the joints but rather to diagonal
traction. The effectiveness of rope reinforcement in earthen buildings has been extensively
confirmed with further investigations [37] and by real observations of Lampa’s earthquake
of 2016 [38], proving that it maintained structural integrity and stability and prevented the
partial collapse of wall portions during the motion.

The methodological approach adopted for the evaluation of the thermal performance
of the designed solution was:

design of a rammed earth building based on the innovative constructive system;
use of bioclimatic design strategies, including use of summer night cross ventilation
and overhangs, to optimise comfort conditions and reduce energy needs;

e dynamic thermal simulations on Design Builder software under free-running con-
ditions with the aim of comparing the behaviour of the uninsulated rammed earth
building’s envelope structure to the insulated one.

The building consists of a rectangular-shaped box, with three rooms facing South and
two rooms facing East and West. All the load-bearing rammed earth walls are 40 cm thick,
while the partitions are made of lightweight materials. The stratigraphy of the designed
walls, roof and solid ground floor and the characteristics of the materials are reported
in [39]. The net internal height of the walls is 3 m, the total envelope area is 825.9 m?,
while the gross volume is 261.4 m3. The shape factor is 3.16, and the net usable area is
58.92 m?. Since the thermal performance of buildings and the influences of thermal mass
and passive strategies can only be evaluated through dynamic thermal simulations [40-43],
the dynamic thermal behaviour of the representative rammed earth building was analysed
using Design Builder software, version 6.0, which is based on the Energy Plus calculation
engine. In the Design Builder model, all rooms in the reference residential building were
considered as occupied zones. The internal loads are represented by occupants, electrical
devices, cooking and lighting systems, which amount to 928 W with a density of 16 W/m?.
The occupancy power density is 7.00 W/m? for an occupancy of 0.05 persons/m?; the
power density of electrical devices and lighting is 5.00 W/m? and 4.00 W/m?, respectively.
A constant air exchange of 0.5 V/h was set for outside air infiltration. Meteorological data
from the Energy Plus Weather (EPW) file for the city of Catania updated to 2019 were used
as meteorological input.
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In the first phase of the investigation, different configurations of the simulated building
model were proposed to study the effects of different bioclimatic strategies (summer night
cross-ventilation, use of overhangs and combined effects) [39]. In the second phase, an
accurate thermal dynamic analysis was performed to evaluate and compare the thermal
behaviour of a naturally insulated rammed earth building envelope (with a 6 cm thick
cork insulation or a 12 cm thick lime-hemp plaster) and an uninsulated one in free-running
conditions.

4. Construction and Production Process of the Building System

The solution investigated, developed together with the local industrial partner Gugliel-
mino Soc. Coop. and currently filed for a patent application [44], consists of a construction
system composed of rammed earth walls made with new mixtures of clayey soil and
recycled materials from other production chains (natural fibres and filler material), rein-
forced with seismic-resistant devices consisting of a timber reinforcement framing and
nylon/polyester rope ties. This invention envisages the development of a formwork system
integrated with the timber stiffening frame, capable of guaranteeing rapid, low-cost and
partially prefabricated installation. As mentioned before, the timber frame has a dual
function: it is a support element for the formwork during the construction phase, and it
acts as a reinforcement structure for the walls in the event of an earthquake. The system is
partly manufactured in the factory (with a controlled supply chain in relation to the shape
and size of the timber components, constituent mixtures, jointing systems, etc.), and then it
is assembled on-site to guarantee the control of the quality of the product, of the process
and, therefore, the expected performance response. In the following, we will explore the
most significant aspects of the innovations sought in the product and in the construction
process of the proposed constructive technology.

4.1. Base Material

Concerning the base materials, the proposal foresees the use of a rammed earth pre-
mixed material that guarantee precise performances. However, if during the construction
phase it is desired to use the soil present in situ (from the footing excavation), it is possible to
test the latter, properly cleaned from alterations and intrusions, following a protocol specifi-
cally defined to assess the compliance with minimum requirements to ensure the expected
performance. The proposed material consists of a fibre-reinforced mixture of inorganic
clayey soil, sand, natural fibre and filler material, whose exact composition will be disclosed
in a future publication. Each component performs specific tasks and the procedures for the
manufacturing of the mixes are particularly important for the final performance.

The first hypothesis involves the use of a rammed earth premixed material whose
basic materials are prepared in the factory. Once the premixed material is made, it should
be placed in closed, heavy-duty bags for handling. The addition of water takes place
on-site, with the help of an axial mixer: a progressive amount of water is added to the
premixed material to bring the mixture to a humid state. The amount of water to be added
is indicated in the bag and can be between 10 and 13% of the weight, depending on the
workability wanted. The mixture, once well mixed and moistened, must be left to rest
under an impermeable fabric to promote more uniform hydration of the material for at
least 24 h.

The second hypothesis involves the use of soil quarried in situ. Notwithstanding
the use of a percentage of filler and natural fibres for the optimisation of resistance to
water absorption and the increase in the ductility of the material, it can be considered the
hypothesis of using soil quarried in situ for the construction, reformulating the mixture to
obtain physical and mechanical performance of equivalent values to those obtained with
the premixed material. This can only be done if the local soil is suitable for rammed earth
construction. The operations to be carried out to verify the soil are defined by a protocol
specifically developed that will be disclosed, together with the adopted mix, in a future
publication.
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4.2. Constructive System

As anticipated above, the proposed construction system uses a reinforcing mesh
consisting of vertical and horizontal timber elements (posts and ring beams) and hori-
zontal rope elements (nylon/polyester ties). These two reinforcement systems meet two
complementary needs. The timber reinforcement system provides an over-strength to the
fibre-reinforced rammed earth masonry: in this way, the wall assumes a greater inertia
and resistance to shear and bending (due to the presence of timber posts) and is effectively
connectedto the foot and head of the wall (due to the presence of the top and bottom
timber ring beams). The system of auxiliary reinforcement in ropes allows the control of
the displacements of portions of the wall eventually cracked because of stress in the plane:
in this way, it is assumed the possibility of formation of cracks in the wall without affecting
the safety of the construction system and the security of the inhabitants.

In the proposed system, the portion of the wall constituted by the rammed earth
would work essentially for vertical loads. However, the characteristics of the timber
reinforcement system (spacing and section of the timber posts) are calculated in such a way
as to provide the wall with greater resistance against dynamic horizontal forces, increasing
the maximum bending moment bearable by the section. Additionally, the auxiliary surface
reinforcement in nylon/polyester ropes, solidarized to the timber skeleton and tensioned
in such a way as to confine the earth wall, allows protecting against out-of-plane collapse
mechanisms. Finally, the use of a finishing layer allows incorporating and protecting the
surface reinforcement system in nylon/polyester ropes from the degradation caused by
the exposition to atmospheric agents and especially to ultraviolet radiation.

The building system proposed inherits technical knowledge developed in highly
seismic areas of our planet and integrates it with a logic strongly linked to the indus-
trial production of natural-based materials and the optimisation of the building process.
Figures 2—4 show, respectively: detailed plans, a three-dimensional view of the adopted
reinforcing system and the prototype wall for the validation of the constructive process.
The executive phases of the production process are described below in detail.

4.2.1. Solid Ground Floor

1.  Excavation for the footing;

2. Installation of the cast concrete;

3.  Waterproofing layer, e.g., made of polyethylene sheets (in the case of particularly
humid soils or soils close to aquifers);

4.  Reinforced concrete L-shaped footing; it must protrude from the ground level by
at least 30 cm to protect the rammed earth wall from flooding phenomena and the
rebound of rainwater. At the top, on the inner side, there will be a fold at least 20 cm
deep to support the beams of the horizontal base closure;

5. Creation of a drainage crawl space on the external side of the footing;

6. Installation of the beams of the horizontal base closure (after waterproofing the heads
of the beams);

7. Installation of the floor excluding the finishing layer;

8.  Fixing of the bottom timber ring beam to the footing.
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Figure 2. Graphical elaborations of the proposed constructive system: (a) plan, (b) fagade, (c) vertical section and (d) corner

axonometry with detail of nylon/polyester reinforcement.
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Figure 3. Three-dimensional reconstruction of the reinforcement system.

Figure 4. Construction of a prototype wall for the validation of the constructive process: view of the

corner from the outside (image on the left) and the inside (image on the right).

4.2.2. Rammed Earth Wall

1.

Connection of the timber posts to the bottom ring beam using steel L-squares. These
posts have slots along their entire height, spaced vertically by approx. 30—40 cm, for
the passage of nylon/polyester type 1 ties;

Installation of the nylon/polyester type 1 ties for each pair of posts, starting from the
lower part of the wall, by making them protrude at least 20 cm from the slots of the
posts to subsequently install and lock the formworks;

Installation of the formworks. The longitudinal panels are perforated at the points
where the nylon/polyester ties pass through, and the ties are secured in the immediate
vicinity of these points by means of clamps and/or buckles;

Insertion of the type 1 ties into the holes of the formwork, stretching and locking on
the longitudinal panels of the formwork by anchoring the ties in the cleats/buckles;
Installation of type 2 ties next to the last couple of posts near the corner post, vertically
offset by 15-20 cm in relation to ties type 1;

Solidarization of the pairs of timber posts, at their upper ends, by means of a flat ring
to prevent them from tipping over during the compaction phase;

Pouring of the ready-mixed rammed earth material into the formwork in layers of
15-20 cm and ramming until they reach half of their height, by means of an electric or
pneumatic compactor. The entire rammed earth section must reach a height of 90-100 cm.
Particular attention must be paid to the areas close to the ties during compaction;
Once the first section of rammed earth masonry is completed, phases from 2 to 7 are
repeated for the rest of the wall, taking care of wetting the contact surfaces before
starting the compaction procedure;
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9. Installation of horizontal nylon/polyester reinforcement system (bindings) and an-
chorage to type 2 ties;

10. Tensioning of the horizontal bindings by means of turnbuckles (later removed) or by
means of sliding knots and fastening to the type 1 ties;

11.  Repeat steps 9-10 for all the walls. The corner will then be confined by a double
system of horizontal ropes from the two orthogonal walls.

4.2.3. Roof Horizontal Closure

1.  Installation of the top ring beam to the head of the vertical posts by nailing or laterally
by a straight plate;

2. Connection of the load-bearing beams of the roof by means of metal brackets to the
ring beam; in particular, beams will be set back a few centimetres (2-3 cm) with
respect to the external edge of the wall;

3. Installation of an external frame (made up of timber boards) in the space left empty
by the roof beams;

4. Installation of an internal frame (made of timber boards placed between the ceiling
beams) in the space left empty by the roof beams;

5. For the construction of the horizontal /inclined closure of the roof, it is recommended
to use insulation with low water vapour resistance. For the horizontal closure of the
roof, solutions that project slightly from the vertical plane of the wall, ventilated roofs
or green roofs are preferred.

4.2 4. Finishings

Finishing can be carried out with dry or wet processing. The vertical scanning (timber
posts) of the rammed earth masonry allows for the easy application of an internal counter-
wall that allows for the passage of the plant equipment. In addition, the presence of
the timber posts favours the assembly of the support systems of an external cladding
wall, which can include insulation. If plastering is preferred, it is advisable to use an
earth-based render in the interior walls or lime-based plaster in the exterior ones, with
fibrous body plaster in order to incorporate and protect the surface reinforcement system
in nylon/polyester ropes. The finishing layer should be made of a breathable material.

4.3. Extimation of Construction Time and Costs

The constructive system presented here allows a considerable rationalisation of the
construction process compared to other reinforced raw earth building systems [27,45,46]
since the installation of the structural reinforcement elements (timber posts and ropes
ties) takes place before the pouring and ramming of the material and not after. Moreover,
this choice is advantageous for the integrity of the structure because the solid walls are
not drilled (a posteriori) to insert transverse reinforcement elements, as provided by other
procedures [5,45,46]. Furthermore, unlike other investigations using reinforcing elements
placed inside the masonry section [7,9,10,27], our system consisting of flexible elements
does not hinder the compaction of the earth material.

It is estimated that with the proposed construction system, to realise 1 m? of 40 cm
thick reinforced walls, with the help of pneumatic tools for compaction and including the
time of installation and connection of the anti-seismic reinforcing devices, about 3 h are
required. According to current literature, for the realisation of 1 m?> of rammed earth, it
takes about 6 h/man operating according to evolved mechanised procedures and 10 h/man
for handcrafted procedures [47]. In this sense, our technology construction times are in line
with those of common contemporary rammed earth constructions, but it is worth noting
that the latter does not provide for the use of seismic-resistant reinforcement as timber
posts and ropes.

The estimated cost for this technology is 700 EUR/m? for a 40 cm thick rammed
earth wall, consistent with costs provided by common rammed earth construction en-
terprises [48-50] but with the advantage of installing, at the same time, the wall and its
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reinforcing structure (integrated with the formwork system) made with sustainable, re-
cycled, recyclable and natural building materials. In addition, the use of soil quarried in
situ, or excavated for footing construction, would allow for a reduction in at least half of

the costs.

4.4. Thermal Performance Results

As abovementioned, an accurate thermal dynamic analysis was performed on a
representative rammed earth building in Mediterranean climate, to evaluate and compare
the thermal behaviour of a naturally insulated rammed earth envelope and an uninsulated
one in free-running conditions.

The following Figures 5 and 6 show two graphs for two representative periods of
2019: the hottest summer week (28 July-1 August) and the coldest winter (7-11 December)
week. In both figures, dry bulb outdoor temperature (T,), indoor and outdoor surface
temperatures (respectively Ty and Ts,), and average indoor air temperatures (T,) profiles
are depicted. These profiles refer to the uninsulated rammed earth configuration (using
only bioclimatic improvement strategies such as roof overhangs and natural ventilation)
and to an insulated one (using both the abovementioned bioclimatic strategies and an
insulation layer on the exterior side of the rammed earth wall). All the simulations are run
under free-running conditions (in the absence of an HVAC system).
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Figure 5. Temperature profiles from 28 July to 1 August in free-running conditions.
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As can be seen from Figure 5, given a profile of outdoor temperature (T,) and outdoor
surface temperature (T, yninsulated = Tso,insulated), the indoor surface temperature profile
of the insulated case (Tg; insulated) is On average 1.77 °C lower than the uninsulated case
(Tsiuninsulated) throughout the period considered. Moreover, the maximum indoor air
temperature values in the insulated case (T, ingulated) are always below 30 °C and on
average 1 °C lower than those in the uninsulated case (T, yninsulated)- During early mornings
(5:00 a.m.), the minimum indoor air temperature values in the insulated case are on average
0.37 °C lower than in the uninsulated case. In the thermally insulated case, a more stable
thermal behaviour is generally observed regarding the indoor air temperature profiles.

Observing the graph in Figure 6 allows us to make interesting considerations. Given
the profiles of outdoor temperature (T,) and outdoor surface temperature (T, yninsulated
= Tso,insulated), the profile of indoor surface temperatures in the insulated case (Tj; insulated)
is almost always above the profile of indoor surface temperatures in the uninsulated case
(Tsi,uninsulated)- The minimum values of indoor surface temperatures in the insulated case
are on average 0.78 °C higher than those in the uninsulated case. Similar considerations
can be made for the minimum values of indoor air temperature in the insulated case
(T4, insulated), Which are on average 0.87 °C higher than in the uninsulated case (T, yninsulated)
and always above 17 °C.

The thermal performance validation herein presented showed the feasibility of using
massive rammed earth walls in Mediterranean climates to ensure adequate indoor condi-
tions. In particular, the analysis showed that during the summer season, the rammed earth
material used for the envelope behaves as a thermal flywheel and remarkably dampens the
incoming heat wave, keeping the curve of the inner surface temperature almost constant
compared to the outdoor one. As we saw, the combination of bioclimatic design strategies
using natural night cross-ventilation and overhangs to shadow outdoor walls allows for
the maintenance of the indoor air temperature below 30 °C, but this value can be further
reduced by about 1 °C by the addition of a thin layer of insulation. It is confirmed that
the use of insulation also improves performances in the winter season by maintaining
an average indoor air temperature of 17 °C with an increase of 0.87 °C compared to the
uninsulated case.

5. Conclusions and Final Remarks

This contribution aimed at identifying an innovative constructive system in reinforced
rammed earth characterised by low energy consumptions and specifically designed for high
seismic risk territories. This constructive system is currently filed for a patent application.

The specificity of the constructive system is substantiated in the strong ecological
connotation, in the high performance in terms of resistance to seismic phenomena, in the
low energy consumption resulting from the characteristics of the designed envelope and
in the reduced time and cost of implementation by virtue of the constructive process’s
optimisation.

The building system herein proposed inherits technical knowledge developed in
highly seismic areas of our planet and integrates it with a logic that is strongly linked to
the industrial production of natural-based building materials and to the optimisation of
the building process. The comparison with other previously studied, commercialised, or
patented systems highlights how the proposed technology, combining basic natural, recy-
cled and low-cost building materials, simplifies the integration between the construction
process of rammed earth walls and the installation of anti-seismic reinforcement systems.

Finally, the thermal performance validation in free-running conditions (namely, with-
out the use of the HVAC system for heating and cooling) showed the good effects of using
solid rammed earth walls in Mediterranean climates, especially in summer conditions. The
use of earth walls with superior thermal inertia, together with bioclimatic strategies as
natural night cross-ventilation and overhangs, succeeds in mitigating the effects of the ex-
tremely warm temperatures of Mediterranean summers. Moreover, the use of an additional
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thin insulation layer can help in further improving indoor air and surface temperatures
and, therefore, the resulting thermal comfort, especially in the winter season.

The possible commercial outlets of the proposed building system are identified within
the field of bio-architecture, with special reference to buildings made of natural and/or
recycled materials. Moreover, the use of this solution responds to correct and responsible
ecological thinking.

The proposed solution combines the environmental need (satisfied by the use of
the rammed earth technology) with the one related to the resistance to dynamic actions
(guaranteed by the reinforcement system designed) so as to propose a construction system
that is effective in seismic areas, as many countries in the world are. At the same time, this
system ensures satisfactory thermal and energy performance and is designed to ensure
low construction costs and times as well as controlled performance responses. It should be
noted that, in fact, the possibility of prefabricating the mixed design of the earth, together
with the definition of a protocol for the structuring of the production and construction
process, allows obtaining a system characterised by quantitatively defined performances,
an uncommon circumstance for rammed earth construction.

Future works should focus on the in-depth study of the mechanical, thermal and
durability performances of the proposed constructive system by the realisation of full-
scale tests or by the construction of prototype buildings. Moreover, in order to prove the
environmental benefits of using this type of technology, it is important to perform a life
cycle analysis accounting for materials processing, manufacture, distribution and use and
to compare it to conventional steel or RC buildings’ environmental impact.

6. Patents
Patent with application No. 102021000006644 is pending.
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