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Abstract

Among the threats capable of causing disasters, earthquakes and hurricanes are those that
most significantly impact the structures of buildings. This collaboration between UFRJ
(Brazil) and UA (Portugal) aims to develop a house model that is both earthquake- and
hurricane-resistant, within a specific range of magnitude to be determined, utilizing straight-
forward, affordable, and eco-friendly construction methods. SHS-Multirisk was developed
under two phases. The first one carried out the design of the SHS-Multirisk 1.0 house
model and the second phase comprised the preliminary conception of the SHS-Multirisk
2.0 architecture integrated with structural panels. This paper focuses on presenting the
comprehensive research, development, and innovation (R&D&I) process of compressed
earth block-reinforced masonry panels and the preliminary evaluation of their technical
feasibility to be applied in SHS-Multirisk 2.0 house models. The steps of the process were
explored in detail throughout process implementation, which revealed successive multi-
and interdisciplinary challenges.

Keywords: design process; compressed earth blocks; disaster risk reduction;
multi-hazard; sustainability

1. Introduction
Based on data from the Emergency Disaster Database [1], over 175 million people

are impacted by disasters annually, resulting in more than 64 thousand deaths each year,
considering the period from 2003 to 2022. In every disaster, housing loss ranks as the
second most critical issue, following the loss of human lives.
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Among the threats capable of causing disasters, earthquakes and hurricanes signifi-
cantly impact the structures of buildings and are very unpredictable. Unfortunately, many
developing nations suffer from these types of threats, severely affecting highly vulnerable
groups’ social and economic development [2,3].

Earthquakes have been responsible for extensive infrastructure damage, causing
significant economic and social losses on a global scale. The costs caused by seismic events
go beyond physical damage, encompassing recovery and rehabilitation challenges that
extend for several years after the event, including indirect economic disruptions such as
productivity losses and long-term social impacts [4,5]. Additionally, earthquakes’ socio-
economic impacts manifest in the deterioration of social well-being and the intensification
of the affected communities’ vulnerabilities. This complex interface between direct and
indirect damage highlights the importance of interdisciplinary strategies that integrate
technological approaches, public policies, and risk management practices to promote
resilience and accelerate the recovery of impacted territories [6,7].

Aiming to illustrate this complexity, Aydin et al. [8] provide a detailed report of
the catastrophic physical, patrimonial, and social damage caused by the 6th of February
2023 magnitude 7.7 and 7.6 earthquakes in Türkiye. Over 518,000 residential units were
destroyed/severely damaged/demolished immediately, including schools, hospitals, and
cultural landmarks, while 62,013 lives were lost (53,537 people in Türkiye and 8476 in Syria)
and more than 100,000 people were injured. While 2 million people experienced shelter
problems, the earthquakes devastated 11 provinces and over 5 million people migrated
to different regions. Historic structures, such as mosques and cultural centers, suffered
irreparable damage, erasing parts of Türkiye’s rich heritage. Socially, the disaster led to
widespread trauma, mental health challenges, and disruptions in education and healthcare
services, with 42 hospitals sustaining severe or moderate damage. The long-term socio-
economic impacts, including unemployment, migration, and financial strain, continue to
challenge recovery efforts.

Compressed earth block (CEB)-reinforced masonry technology holds significant
promise for use in humanitarian emergencies and multi-hazard resilient construction,
mainly because of its environmental, economic, and social benefits, including the use
of locally sourced materials with minimal environmental impact and the involvement
of beneficiaries in the construction process [9,10]. Nonetheless, this technology has
certain limitations that require further understanding to ensure resilient construction,
particularly as in-plane and out-of-plane shear pose challenges for masonry under
seismic forces [11,12].

The SHS—Simple Housing Solution—Project [13,14] is a framework for (re)constructing
homes and small buildings through a collaborative community-based approach. It aims
to maximize resource efficiency and help restore order in critical scenarios, such as post-
disaster recovery, post-conflict rebuilding, refugee resettlement, or risk mitigation efforts.

SHS is grounded in the core principles for sustainable housing restoration outlined
by the United Nations Development Program (UNDP) and the International Recovery
Platform (IRP), focusing on environmental, technical, financial, and socio-organizational
sustainability. Recognized as one of the 16 finalists for the 2019 Sasakawa Awards, the
project aligns with the Sendai Framework for Disaster Risk Reduction [15] and contributes
to various sustainable development goals (1, 3, 4, 5, 6, 8, 9, 10, 11, 12, 13, 16, and 17).
A Haitian civil engineer who graduated from the Federal University of Rio de Janeiro
(UFRJ) applies knowledge from the SHS Project in social projects in Haiti [16].

SHS-Multirisk is a research, development, and innovation (R&D&I) spin-off ini-
tiative being developed through collaboration between UFRJ and the University of
Aveiro (UA). The project aims to create a housing model designed to withstand both
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earthquakes and hurricanes, with the specific magnitude range currently under study.
Furthermore, it uses simple, low-cost, and environmentally friendly construction tech-
nologies compared to traditional alternatives or more technological but less accessible
ones. The first SHS-Multirisk house model is being improved in this phase, targeting
more aggressive scenarios.

While earthen construction technologies such as compressed earth blocks (CEBs)
have been explored in various housing initiatives (see Section 2.2), few studies have
evaluated their structural performance under earthquake and/or hurricane loads. Pre-
vious research has shown that natural fiber reinforcements such as reeds and bagasse
improve CEB strength and ductility [17,18]. In the same direction, numerical simula-
tions confirm that optimized mortar and sisal fibers further enhance performance [19],
and adding cement to the earth increases the mechanical strength and durability of
the blocks, reducing the risks of cracking or collapse [20]. Although Zarzour et al. [21]
carried out a seismic design of a CEB low-carbon building, multi-hazard applications
remain largely unexplored.

The existing literature often focuses on component-level testing or theoretical
modeling, with limited emphasis on full-scale experimental validation and archi-
tectural integration. This study addresses that gap by presenting a proposal for re-
inforced CEB masonry panels designed for combined earthquake and hurricane re-
silience, tested under cyclic loading and embedded within a community-based housing
framework. The originality of this work lies in its interdisciplinary approach, merg-
ing technical innovation with socio-economic–environmental feasibility to support
disaster-prone communities.

The aim of this paper is to detail the comprehensive R&D&I process behind the
reinforced masonry panels utilized in the SHS-Multirisk 2.0 residential model and provide
preliminary analysis on how the results may affect house performance under seismic
scenarios. The paper is aligned with the Sendai Framework for Disaster Risk Reduction
(2015–2030) [15] and the Paris Agreement on Climate Change (2015).

Masonry structures are particularly vulnerable to seismic actions, displaying brittle
behavior and limited energy dissipation. Non-destructive post-seismic studies highlight
the importance of experimental validation under extreme loading [22] and typical forms of
masonry damage in earthquakes include cracking (horizontal, vertical, or diagonal cracks),
displacement (masonry components can shift or be displaced from their original positions),
collapse, shear failure, and foundation damage [23]. Among these, out-of-plane failures
stand out as one of the most severe problems, often triggered by poor connections between
walls and diaphragms [24]. The prevalence of these damage modes has been consistently
observed in post-earthquake surveys, confirming that out-of-plane instability remains a key
vulnerability in unreinforced masonry construction [25,26]. Except for foundation damage,
SHS-Multirisk experiments were planned to understand these damage modes in full-scale
reinforced panels, thus increasing predictability in real case situations.

Considering the high number of experiments carried out and the complexity on the
analysis of each one, quantitative analyses on the experiments’ outputs are clearly out of
the scope of this paper. However, the key experiments which led to critical decisions within
the R&D&I process had their quantitative analyses included in the scope of this article or
were referenced from other published works. It is necessary to highlight that there are
also extensive qualitative partial results throughout the entire process and comprehensive
process implementation revealed significant multi- and interdisciplinary challenges. The
main result is the successful development of SHS-Multirisk 2.0 house panels.
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2. General Aspects of Proposed Housing Solution
Low-cost earthquake-resistant constructions represent an indispensable approach to

mitigate the impacts of seismic events, especially in economically vulnerable regions with
high seismic activity.

In this context, the optimization of structural systems and the incorporation of alter-
native materials that promote high ductility and energy dissipation capacity emerge as
fundamental strategies. The development of integrated solutions, combining traditional
methods with emerging technologies, can significantly improve the resilience of buildings
while maintaining the economic viability of projects.

Additionally, the integration of advanced computational modeling techniques and
real-time structural monitoring systems has provided new horizons for the development of
low-cost earthquake-resistant methods.

2.1. The Constructive Technology

Over the past decades, global concerns regarding energy, environmental, ecological,
and economic challenges have led to the recognition of raw earth as a viable and sustainable
building material [27–29]. Among the earthen construction technologies, CEBs appear as
an evolution from adobe [30] and consist of pressing a mixture of non-plant–soil consisting
of sand, fine particles (silt and clay), and water, to which binder materials (cement or lime)
may be added for soil stabilization and strength increasing. In this work, the term CEB
refers to blocks created by compressing a mixture of soil that has been stabilized with
cement and water, possibly adding hydrated lime.

The pressing process, whether manual or automated, enables the production of
modular blocks with consistent dimensions, often featuring hollows. However, the
uniformity of the blocks’ dimensions is heavily influenced by factors such as the produc-
tion method, soil type, particle size distribution, and mixture’s moisture. Using hand
presses can lead to notable variations in the manufacturing process, particularly in the
block’s height. Therefore, applying mortar layers in CEB masonry is strongly advised to
ensure better stress distribution across the masonry elements. However, hand presses
do not demand electrical supply, are easy to operate, and are very cheap machines when
compared to automatic presses.

According to [31], stabilizing the earth with cement and/or lime minimizes re-
traction, which is influenced by the clay content and water percentage in the mixture,
thereby reducing the formation of cracks in the blocks as they lose moisture. Addition-
ally, it enhances the dry unit weight of CEBs, improving their performance in areas
such as compressive strength, thermal insulation, impermeability, and durability, with
the latter being linked to decreased water exposure. It is also important to mention
that the fungicidal property of lime in the mixture [32] emphasizes that the binder
ratios in a soil mixture can differ depending on the varying soil characteristics in
different locations.

The modular nature of CEBs allows for fast and tidy construction through block
interlocking, making it ideal for architectural designs with dimensions that are multiples
of ½ block to minimize cutting and material waste. For use in reinforced masonry panels,
CEBs should have a hollow design with two holes, some of which are reinforced with steel
bars embedded in micro-concrete or mortar to enhance the structural system’s flexibility.
Moreover, the holes in the blocks enable the integration of electrical pipes within the
structure, while water, sewage, or gas pipes are prohibited in masonry serving a structural
purpose. The visual masonry appeal can be enhanced by using exposed blocks coated with
a thin layer of water-resistant resins or acrylic finishes. The protective coating, along with
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the waterproof layer at the base of the walls, is essential to avoid water exposure, which
can accelerate the blocks’ deterioration over time.

The application of CEB-reinforced masonry technology for (re)construction in disaster
scenarios has been thoroughly analyzed and discussed in [9].

2.2. Real Applications in Communitary Works

Compressed earth blocks (CEBs) have been successfully applied in various commu-
nity construction projects worldwide, demonstrating their potential for sustainable and
affordable housing. In Uganda, organizations like HYT and Smart Havens Africa have
utilized interlocking stabilized soil blocks (ISSBs) to build affordable housing for vulner-
able groups [32,33]. Moreira also illustrates an application of CEB houses in Malawi [34].
In India, the Auroville Earth Institute has developed advanced CSEB technologies, en-
abling multi-story residential buildings and post-disaster housing reconstruction [35].
Similarly, in Nepal, Community Impact Nepal has facilitated the construction of over
3500 earthquake-resistant homes using ISSBs, empowering local entrepreneurs and com-
munities [36,37]. In Mexico, Échale has implemented a self-construction model using
CSEBs, resulting in significant community engagement and one million lives being
improved, with 30,000 new houses and 150,000 house improvements carried out [38].
These cases highlight the versatility and social impact of CEBs in addressing housing
shortages and promoting sustainable development.

It is important to highlight two ongoing applications in Haiti that are SHS-based. At
Don de L’Ámitié and Lacombe, more than 50 multi-hazard houses were constructed by
communities, in social arrangements coordinated by a civil engineer who graduated from
UFRJ and former SHS team member. This partnership between the NGOs Village Marie
Haiti and Techo Haiti is truly transforming Haitian communities towards sustainable devel-
opment, joining housing provision, strengthening social ties, improvement of livelihoods,
education and training, child protection, food safety, health protection, and technology and
economic development [16,39,40].

2.3. SHS-Multirisk Project Timeline

The project runs under two phases:

• Phase 1: UFRJ. In 2018 and 2019, studies of threats from strong winds [41] and
earthquakes [42] took place at UFRJ, when a first detailed experimental phase was
carried out and enabled the first design of the SHS-Multirisk 1.0 model. From mid-2019
to March 2020, immediately before the first lockdown due to the COVID-19 pandemic,
the second experimental phase took place at the UFRJ Campus Fundão facilities, when
shear tests were carried out on 16 wallets aiming to understand the contribution of
the following factors in shear strength: arrangement of reinforcing joists along the
height, percentage of reinforced vertically holes, and the existence of rough coating
with plaster. Authors from UFRJ participated in this phase.

• Phase 2: UFRJ-UA Partnership. In April 2021, the partnership between UFRJ and
UA began though a postdoctoral internship of the first author at UA, under the
supervision of the second author and in collaboration with other authors from UA.
The first phase results were used as inputs to the second phase. The aim was to define
types of reinforced masonry panels and carry out a broad experimental program [43],
intending to understand the cyclical behavior of full-scale panels for in-plane and
out-of-plane bending shear and determine the mechanical properties of the masonry
and its components through static tests. Based on these results, the residential model
SHS-Multirisk 2.0 was proposed.
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2.4. Overall Multi-Risk House Conception

The design of a multi-risk house is an iterative process, as it involves an architectural
design that must be fully integrated with structural elements design, especially the panels
that make up the walls and the roof’s elements.

Another point worth highlighting is the high interdisciplinarity involving many
aspects of earthquake and hurricane threats, adding additional complexity to the de-
sign. These interferences occur mainly in the way the loads act on the designed system,
which can lead to conflicting design criteria. For example, from a seismic point of view,
the house symmetry is desirable, including the symmetry of the openings, but from a
wind-load point of view, the existence of openings on all facades does not offer the most
favorable configuration.

When these conflicting criteria arose, it was decided to give priority to the design most
favorable to the seismic threat, since in the investigations of the SHS-Multirisk 1.0 model, the
forces resulting from seismic loads were critical for dimensioning the structural elements.
However, as a general rule, solutions were sought that could be useful for performance
against both seismic and hurricane threats, such as the panel’s height limitation, chosen to
coincide with the top of the doors. The lower panels’ height reduces the bending efforts at
the base for both threats and reduces the shear forces in earthquakes, since the panels are
lighter and less subject to the effects of seismic accelerations.

Construction technique simplicity was also a design criterion, considering that the
objective is to provide a solution that can be implemented directly by communities vulner-
able to seismic threats and hurricanes, as is the case of Haiti, Nepal, among other countries.
Therefore, complex solutions were discarded, while the aim was to extract maximum
performance from simplicity. This is the case, for example, of the use of wooden elements
to provide ties at the top of the panels, serving both as a lintel and as support for the
roof rafters.

2.4.1. The SHS-Multirisk 1.0 House Model

The complete development process of this house model (Figure 1) involved an experi-
mental campaign and computational analysis, which are detailed in [9].

The analysis determined that the SHS-Multirisk 1.0 model, constructed with CEB
structural masonry, is capable of withstanding earthquakes with accelerations up to 0.20 g
PGA (equivalent to a horizontal force of 82.58 kN) across Class A, B, C, or D terrains
in a near-collapse limit state. This level of acceleration is comparable to the earthquake
experienced in Haiti in 2018.

It was determined that a structure similar to the proposed design, but with a different
arrangement of openings, could endure wind forces associated with speeds of up to 35 m/s
(126 km/h) [41], provided certain reinforcements are implemented and the roof tiles are
detached to create a fuse effect.

2.4.2. The SHS-Multirisk 2.0 Preliminary House Model

The preliminary architectural design is closely linked to the panels’ design and was de-
veloped interactively, seeking to take advantage of the best practices performed in the SHS-
Multirisk 1.0 model and optimize the points identified as critical in the previous design.

In addition, an attempt was made to use local materials (mainly wood and earth) more
intensively and propose simple innovations for the context of earthquakes and hurricanes
that the communities themselves could implement.
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(b) 

(a) (c) 

Figure 1. (a) SHS-Multirisk 1.0 residential model; (b) roof structure; (c) 3D frame computational
model. Source: Adapted from [42].

Among the characteristics listed for the preliminary SHS-Multisk 2.0 model (under
development; Figure 2) the following can be mentioned:

• House with just one floor and low ceiling height on the borders (next to 220 cm), which
reduces bending moments at the base and wind pressures on the masonry panels, in
addition to simplifying the work.

• Absence of a slab, which reduces bending moments at the bottom of the panels and
simplifies the construction process.

• Roofs with semi-loose tiles, aiming at the formation of openings in the roof during
strong winds and the consequent reduction in the pressure difference in the masonry
panels (fuse effect).

• Maximization of symmetry in masonry and openings, which increases predictability
and symmetry in the house’s response to different angles of horizontal force incidences.

• The adoption of the walls’ design as a combination of individualized patterned panels
rather than panels with varying dimensions. By using a set of panels with similar stiff-
ness, it is possible to conceive a resistant scheme that favors global torsional behavior
and allows for flexible architectural options, within certain limits that are currently
being studied. It also favors better distribution of loads and damage, increasing the
predictability even in more advanced stages of damage. In addition, it is possible to
recover the elements in isolation, reducing costs.

• To simplify the construction process, only two panel geometries were adopted, C and
L, which are integrated into the preliminary model of Figure 2, along with the other
elements mentioned above. Roof options are under study.

• Opening of external doors to the outside of the house, making it easier for residents
to leave in the event of a disaster occurrence. Opening doors to the outside, as well
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as opening internal doors towards outside the ‘bunker’ area, also makes it easier for
residents to break down doors if these elements are jammed after the adverse event.

• The use of timber to brace the panels against their out-of-plane behavior, allowing the
transfer of forces/displacements to the panels with in-plane behavior (bracing system
and tensioned timber lines).

• Masonry lintel’s elimination and use of the wooden beam on the roof edge as a
slight lintel.

• Presence of stiffeners at each meter of masonry on the sides of door and window openings.
• Presence of a central core of L-shaped panels to function as a ‘bunker’ for emergency

shelter for up to six people during hurricanes and as an isolated support structure for
the water tank.

• Overall cost limitation for a house of smaller than 50 m2, considering that the project’s
target audience is composed of vulnerable communities and larger houses could make
the project economically unfeasible.

 
(a) 

 
(b) 

Figure 2. (a) Design elevation of SHS-Multirisk 2.0 model; (b) architectural floor plan. Source: [44].
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2.5. Novel Contribution and Advantages of House 2.0’s Panels

Table 1 provides a comparison between issues that compromise the structural integrity
and earthquake resilience of masonry buildings [45] and SHS 2.0 panels’ characteristics.

Table 1. SHS-Multirisk 2.0 resilient characteristics.

Main Causes of Damage to Load-Bearing Walls in
Masonry Structures [45]

SHS-Multirisk 2.0 House Panels’ Resilient
Characteristics

Lack of professional engineering input
during construction. SHS 2.0 house panels are engineered.

Ignoring earthquake-resistant design principles. The panels’ design was driven by earthquake-resistant
design principles and were tested in cyclic conditions.

Weak corner connections between walls.

Panels have a near-independent in-plane bending shear
performance and corner panels are in reinforced L-shape.
Against out-of-plane bending, shear panels have
stiffeners, horizontal steel stirrups, and a light
timber lintel.

Absence of reinforcing bond beams. Panels have vertical and horizontal steel reinforcements.

Heavy roofs made of earthen materials. SHS-Multirisk 2.0 house model is light, symmetrical, and
designed to lower wind pressures.

Poor construction quality and workmanship.

SHS uses simple construction techniques with local
materials, establishes clear construction patterns, and
addresses educational aspects that allow people’s
training for self/owner-driven construction.

Large openings for doors and windows weakening walls.
Openings for doors and windows are patterned and less
than 90 cm large, providing sufficient comfort and
necessary multi-hazard safety.

Use of low-quality or weak materials. SHS adopts local engineered materials with minimum
strength parameters allowed by technical standards.

Improperly formed joints. Vertical joints between panels reduce stiffness and allow
damage contention.

Mixing materials with incompatible properties.
Panels’ materials are essentially the same: soil/cement
mortars and rough steel bars, which are compatible and
adherent within the mixes tested.

Irregularly shaped wall materials. Components are regular and allow regular shape panels.

Incorrect placement of wall components. SHS panels executive design details the placement of all
panels’ components.

Poor-quality mortar for connections. Pre-defined mortar mixes used in blocks, joints, and
plaster are compatible and tested.

Decline in skilled masonry construction practices. Content of SHS project strengthens skilled masonry
construction practices.

Unregulated use of local building materials. The use of local materials is controlled in a simple and
effective way.

Furthermore, there are other aspects that evidence SHS 2.0 panels’ strengths:

• Panels’ geometry allows for the creation of a bunker region inside the house, what
differentiates SHS 2.0 concept and design.

• Panels’ typologies and geometry allow for symmetric distribution of loads and resis-
tances, contributing to house’s predictable behavior in different directions.
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• The construction technology adopted in the panels makes it easy to carry out mainte-
nance and recovery of damaged panels.

• The panels’ design was integrated into a special multi- and interdisciplinary design,
making it possible to face hurricane and earthquake hazards.

• The adopted technology allows for self-construction and has low environmental impacts.
• The findings have practical implications for vulnerable communities in disaster-prone

regions, offering a viable solution for housing reconstruction and risk mitigation.

3. Materials and Methods
Considering that the proposal for structural CEB masonry panels for the SHS-Multirisk 2.0

house model is an innovative process, discovering these elements’ mechanical behav-
ior required a specific experimental research program, adding complexity to the house
design process.

The iterative architecture/structure design process consists of the following steps:

(a) Preliminary architectural design (Section 2.4.1);
(b) Preliminary structural panels’ design (Section 3.1);
(c) Panels’ introductory experimental study (Section 3.2);
(d) New panels’ design (Section 3.3);
(e) New architectural design (Section 2.4.2);
(f) Panels’ main experimental study (Section 3.4);
(g) Panels’ design improvement (Section 3.5);
(h) Architectural design improvement;
(i) House 2.0 computer modeling;
(j) House 2.0 structural behavior analysis under different load scenarios;
(k) Adjustments and obtaining the final residence model.

The research conducted in phase 2 is currently in step ‘h’, so this article only addresses
the panels’ design process (items ‘a’ to ‘g’) and a preliminary evaluation of its impact on
the house’s performance.

3.1. Strucutural Panels’ Preliminary Design

The structural panels’ initial design was based on the outputs obtained from the SHS-
Multirisk 1.0 residential model. The aim was to take advantage of the successful features of
the previous model and add modifications to improve the panels’ performance. The main
changes were in the panels’ shape, the distribution of reinforcement, and in the uniformity
in the materials used.

In the SHS-Multirisk 1.0 model, 1 m spaced stiffeners were adopted along the ma-
sonry. The stiffeners also acted as reinforcement on the openings’ borders and improved
the panel’s performance for out-of-plane bending shear. Reinforced concrete joists were
adopted in the middle and at the top of masonry, as well as reinforced concrete columns in
some vertical block holes.

In this model, frames measuring approximately 1 m wide by 1.10 m high (there were
two frames along the 2.20 m high wall) played a central role in the house’s structural
behavior, since they allowed for the formation of compressed diagonals when the resi-
dence was subjected to horizontal forces. This behavior was confirmed by pushover tests
detailed in [9].

For the SHS-Multirisk 2.0 house, the basic modulation of the 1 m wide by 2.20 m high
for one single panel was adopted, using 25 cm long by 12.5 cm wide compressed earth
blocks with holes and maintaining stiffeners and horizontal/vertical reinforcement, with
the aim of improving strength and ductility.
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Only two types of panels were selected to compose the design of the entire house: C
and L (Figure 3). While the L-type panel was used in the corners and in the bunker area,
the C-type panel was used in the other situations, being the most common one (Figure 2).

(a) 

 
(b) 

Figure 3. Preliminary version of SHS-Multirisk 2.0 house panels: (a) C panel elevation and cross
sections; (b) L panel elevation and cross sections.

Another relevant aspect was the replacement of the former concrete vertical and
horizontal elements by soil/cement mortar, aiming to provide greater material homogeneity
and reduce adverse effects from the interaction between the cement/sand and cement/soil
mortar elements. Through this criterion, it was also possible to maximize the use of
local materials and minimize the environmental impact, in line with the project objectives.
Soil/lime mortar was initially considered, as it is similarly used in adobe blocks. However,
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the need for better adhesion between the mortar and the reinforcements led to the option
of using cement mixed with soil in the mortars.

In line with SHS design guidelines for simplicity, the original panel’s horizontal beams
were eliminated and replaced by reinforced mortar joints in certain positions. The panels’
upper part contained U-shaped steel bars in the block holes that comprise the stiffeners,
aiming to allow the passage of wooden elements that make up the roof support in the
SHS-Multirisk 2.0 house model.

3.2. Panels’ Introductory Experimental Study

From the preliminary design described in Section 3.1, the first experimental needs
were identified, aiming to understand the panels’ characteristics that could lead to a more
reliable design and offer improved performance at in-plane bending shear.

The panels’ introductory experimental study was developed in two stages:

• Multifactorial experiment in wallets. Since the ability to withstand horizontal forces
depends on compression and tensile elements, it was necessary to improve the un-
derstanding of how these elements could be modified, aiming to obtain better panel
performance. Thus, an experimental program was developed in Brazil, from 2019 to
2020, consisting of a multifactorial experiment with 16 wallets, with the objective of
understanding the influence of the following factors on the panels’ shear strength:
arrangement of reinforcing joists along the height, percentage of holes reinforced
vertically, and the existence of rough coating with plaster.

• Experiments to select components. In 2021, at the University of Aveiro, experiments
were carried out to select the mix that would be used in the mortars for manufacturing
the blocks, in the coating, and in the filling of the joints and holes in the blocks.
Furthermore, tests were carried out to verify the adhesion between the soil/cement
mortar and reinforcement, aiming to provide assertive choices for the experimental
campaign performed in phase 2. These results can be found in [43].

3.2.1. Multifactorial Shear Experiment on Wallets

In June 2019, CEBs measuring 250 mm in length, 125 mm in width, and approx-
imately 65 mm in height were produced at UFRJ facilities located in Macaé, Rio de
Janeiro, Brazil (Figure 4b). The blocks were produced using a mechanical hand press
(Figure 4a) and a blend of two types of soil. The mixture included cement type II-32 as a
binder in a 6:1 ratio (6 parts soil to 1 part cement by volume), along with 2% hydrated
lime and approximately 20% of water content by volume. The soil moisture was manu-
ally adjusted based on tactile assessment to simulate real-world conditions, where the
community would handle this process during SHS implementation. It is important to
note that water content can vary significantly depending on the type of soil. The water
absorption and CEBs’ compressive strength were tested in accordance with the NBR
8492:2012 standard [46]. In January 2020, the blocks were transported to UFRJ Campus
Fundão facilities, at Rio de Janeiro city. The wall panels were built in February 2020 and
tested in March 2020, after 28 days (Figure 5).

From mid-2019 to March 2020, pushover shear tests were carried out on eight types of
wallets, with two replicates each:

• 1V.GP.SE: One joist, 50% of the holes grouted and without plaster.
• 1V.GT.SE: One joist, 100% of the holes grouted and without plaster.
• 1V.GP.CE: One joist, 50% of holes grouted and plastered.
• 1V.GT.CE: One joist, 100% of holes grouted and plastered.
• 2V.GP.SE: One joist at the top and one in the middle, 50% of the holes grouted and

without plaster.
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• 2V.GT.SE: One top joist and one intermediate, 100% of the holes grouted and without plaster.
• 2V.GP.CE: One joist at the top and another in the middle, 50% of the holes grouted

and plastered.
• 2V.GT.CE: One joist at the top and one in the middle, 100% of the holes grouted

and plastered.

 
(a) (b) 

Figure 4. (a) Factory area set up in UFRJ facilities, with hand mechanical press used to produce bricks.
(b) Block production.

(a) (b) (c) (d) 

Figure 5. (a,b) Wallet construction; (c) details of wallets evolved in metallic mesh, ready to be
plastered; (d) wallets ready for tests.

Figure 5 shows the construction of wallet specimens for shear tests in UFRJ/Brazil.
The modified shear test (pushover) involved applying a horizontal force to the top of

the wallet specimens (Figure 6). Each specimen measured 1 m in length, corresponding to
four blocks per row, with a single leaf of ½ block width (eventually covered with a 2 cm
layer of plaster in the proportion 1:3:1—cement, sand, lime—in both sides) and a total
height next to 90 cm. Each specimen was constructed with blocks placed in mortar joints
approximately 1 cm thick, mixed manually in a 6:1 ratio of soil to cement by volume. The
reinforced concrete joist matched the blocks’ width, and some vertical holes were reinforced
and filled with grout. The grout was prepared manually using a 1:4:2 ratio of cement, sand,
and 3/8” stone gravel by volume. Reinforcement included 1/4” CA 50 steel bars, with one
bar per hole and two bars per horizontal joist. To prevent rotation, a steel vertical support
was embedded in the concrete base to stabilize the wall near the load application point,
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without imposing significant restrictions on movement in the direction of the applied load.
Additionally, a steel angle was installed at the bottom of the wallet, on the opposite corner
of the load application point, to prevent overall translation.

Figure 6. Wallet instrumented with LVDTs and load system.

The load was manually applied and incrementally increased using a hydraulic jack
placed at the center of the top concrete joist section. Each load stage averaged 150 kg.
Since the process was manual, the load application rates were not precisely controlled.
However, a waiting period of approximately 30 s was observed at each stage to stabilize
displacements. Displacement measurements were taken using linear variable differential
transformers (LVDTs) positioned at four levels along the walls’ height, labeled as LVDTs
1, 2, 3, and 4, from top to bottom. A load cell was utilized to measure the applied load.
Both displacement and load data were recorded simultaneously through a data acquisition
system. Figure 6 illustrates the set up used for the horizontal tests.

Figure 7 shows a crack in one of the sixteen wallets after the horizontal load test
at UFRJ/Brazil.

 

Figure 7. Cracked wallet after test.

Multifactorial Experiment Analysis

While the average in-plane shear force and the coefficient of variation were obtained
from the data of two specimens tested in each typology, the masses were estimated based
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on the panels’ geometric characteristics and the components’ (blocks, mortars, and micro-
concrete) average unitary weights.

As each panel type has a typical mass per area value, and these masses are mobilized
during seismic events generating loads on the panels, an attempt was made to define
a parameter that relativized the shear force to the panel’s mass. Thus, the parameter
‘resistant shear force/mass per square meter’, or simply ‘force/mass’, was calculated,
which was taken as an indicator of the effective capacity of the panel’s in-plane shear,
with acceleration units.

Considering the shear forces values corresponding to the panel typology adopted in
the SHS-Multirisk 1.0 model (1V.GP.SE) as a reference, the effective shear force factors were
calculated for seismic loads (i.e., based on the ‘force/mass’ parameter) and non-seismic
loads (without considering the effect of mass, as in the case of wind loads). These factors
represent, therefore, the extent to which typologies can overcome shear force compared to
the reference panel.

Finally, from the SHS-Multirisk 1.0 model’s quantitative and budget worksheets [47],
the house cost factors were calculated, representing the relationship between the house cost
corresponding to different panel types and the cost of a house made with the basic typology
(1V.GP.SE). These comparisons were made considering the cost option of construction
with labor and materials (traditional system) and the option of construction in ‘mutirão’
(community or joint work system, where a good part of the labor comes from the community
itself and is not reimbursed) + materials. In this way, it was also possible to evaluate the cost
impacts in choosing the panels, and not just the strength aspects, avoiding economically
unfeasible options.

3.2.2. Tests for Choosing New Panels’ Components

In the 2nd experimental phase, an expanded experimental campaign was planned,
aimed at testing full-scale walls in bending shear behavior.

Before the blocks were manufactured, compressive strength and absorption tests
were carried out at UA Civil Lab to choose the blocks’ materials proportions follow-
ing NBR 8491:2012 [48] and NBR 8492:2012 [46]. They tested the mixtures 6:1, 8:1, and
10:1 (soil/cement). These mixture ratios were pre-selected based on former experiences in
Brazil, regarding previous investigations and best practices from ABCP (Portland Cement
Brazilian Association) senior specialists and from block producers.

The average mortar compressive strength was obtained by the prism test according to
EN 1015-11:1999 [49]. Compression and flexion tests were carried out on different mixes
based on the volume of the mortar, with basically two humidity types: dry mortar (approx-
imate consistency to manufacture blocks, mixes 6:1, 7:1, 8:1) and wet mortar (consistency
of plaster, mixes 5:1, 6:1, 7:1, 8:1). These mixture ratios were pre-selected based on the
directive of using mortars with the same materials and proportions next to the ones used
in CEB production, thus safeguarding chemical compatibility and durability in contact
between mortars.

The shear effect at the mortar–block interface was also analyzed according to
BS EN 1052-3:2002 [50] standard for different proportions in volume of wet mortar with
plaster consistency (5:1, 6:1, 7:1, 8:1), aged 7 days.

Following EN 10080:2005 Annex D [51], pullout tests were carried out on 10 mm
steel bars on three types of anchoring substrate, 6 days of age: micro-concrete mix by
volume 1:4:2 (cement/sand/stone gravel), dry mortar mix by volume 8:1 (soil/cement,
with 2% hydrated lime), and wet soil/cement 6:1 mortar.

Based on the test results for choosing the components, the mix selected for block pro-
duction was 8:1, as it was the option with the best benefit/cost ratio. The mortar chosen for
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laying the blocks, plastering, and filling the holes with reinforcements was the soil/cement
wet mortar in the 5:1 ratio, which would allow even better conditions for anchoring the
reinforcements when compared to the 6:1 ratio. The plaster was reinforced with a square
polyethylene mesh with a 10 mm opening. Quantitative results can be found in [43].

3.3. New Panels’ Design

After the conclusion of the introductory experiments in the 2nd phase, the first panels’
design review was carried out, obtaining a complete definition for the prototype panels’
construction. In addition to confirming the previously designed panels’ formats and di-
mensions, the positions, diameters and details of the reinforcements, the blocks and mortar
mixes, the plaster’s thickness, and the specification of the structuring mesh embedded in
the mortar coating were also established.

3.4. New Panels’ Main Experimental Study

To evaluate the designed panels’ behavior under earthquake and hurricane conditions,
an extensive experimental program was developed. This program included cyclic bending
shear tests, both in-plane and out-of-plane, conducted on full-scale type C panels with
plaster, type C panels without plaster, and type L panels without plaster.

In addition to tests on full-scale panels, diagonal and axial compression tests were also
carried out for mechanical characterization on wallets, with and without plaster. Tests were
also performed to characterize the components (blocks and mortars) used in the specimens’
construction, as well as the assessment of the reinforcement pullout behavior and the shear
stress at the mortar–block joint interface.

The tests involved the development of a relatively complex experimental set up,
including the development of an innovative system for full-scale wall bending shear testing.

The main experimental study was developed in the following stages:

• Main experiment planning;
• Block manufacturing;
• Specimens’ construction;
• Test systems design and assembly;
• Carrying out the experiments and data analysis.

3.4.1. Main Experiments Planning

The experimental planning was divided into two groups:

• Group 1: Experiments on full-scale panels.
• Group 2: Experiments on wallets and components.

Group 1 Experiments

The experiments in group 1 were planned to identify the behavior of different panel’s
types under cyclic horizontal loading, both in-plane and out-of-plane.

Five sets of panels were planned, two of which were type C without plaster (for
in-plane and out-of-plane tests), two of which were type C with plaster (for in-plane and
out-of-plane tests), and one of which was type L without plaster.

Group 2 Experiments

Group 2 experiments were designed to determine part of the panels and components’
mechanical characteristics through static testing.

Axial and diagonal compressive tests were designed on wallets (with and without
plaster), and compressive tests on blocks and mortars. Absorption tests on blocks, shear
tests on the block–mortar interface, and reinforcement pullout tests were also planned.
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3.4.2. Block Manufacturing

The experimental campaign directed block production and the specimens’ construction.
The manufacture was carried out at Vagoinertes LDA. company’s facilities in the Mu-

nicipality of Vagos, Aveiro, Portugal. After molding blocks using mixture 8:1 (soil/cement)
with a hand press, they were covered with a plastic tarp, allowing the initial blocks’ curing
process in their own humidity for 12 h. In the sequence, the blocks’ wet curing continued
for three consecutive days when they were stored on pallets (Figure 8). Then, from October
to December 2021, the block pallets were transported to UA.

(a) (b) 

Figure 8. (a) Factory area set up in company Vagoinertes LDA.’s facilities. (b) Hand mechanical press
used to produce bricks.

3.4.3. Construction of Test Specimens

The specimens’ construction took place at UA’s Civil Engineering Laboratory in two
stages and was carried out by 3 workers (2 professionals and 1 assistant).

All fifteen walls were nearly 220 cm high, with a reinforced 10 cm high concrete joist
at the top to allow for effective horizontal load application. Testing full-scale specimens
aimed at minimizing noise effects and behavioral distortions between components like
reinforcements and masonry panels [11,52,53].

Twelve walls featured a pre-defined C-section with four designated for out-of-plane
bending shear tests (Figure 9) and eight for in-plane cyclic bending shear tests (Figure 10).
Additionally, three walls had a pre-defined non-plastered L-section (Figure 11).

(a) (b) 

Figure 9. C-panel specimens’ construction for out-of-plane bending shear testing: (a) Vertical
reinforcements within the blocks’ holes; (b) Concrete molding at the panels’ top.
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(a) (b) 

Figure 10. C-panel specimens’ construction for in-plane bending shear testing: (a) Plastered C panel;
(b) Overview of C panels constructed on the concrete footing.

 

(a) (b) 

Figure 11. L-panel specimens’ construction for bending shear testing: (a) Vertical reinforcements
within the blocks’ holes; (b) Concrete molding at the panels’ top.

The walls were constructed using vertical A500 steel bars of 10 mm diameter (placed
in five filled holes for C sections and nine filled holes for L sections). Horizontal A500 steel
bars of 6 mm diameter were installed at four levels, spaced 55 cm apart, starting from the
top. All specimens were built on a reinforced concrete base, 60 cm in height, following a
consistent design and material layout.

In addition, twelve wallets were built and tested in axial and diagonal compression,
aiming to directly obtain mechanical properties under static loads. Specimens were also
built to be used in strength tests on mortars and blocks, block absorption tests, and steel
pullout tests, seeking to characterize the panels’ components (Figure 12).

The wallet specimens were built on mobile wooden bases and transported to the test
site using a hydraulic jack, overhead crane, and a system of pulleys with manual hoists.
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(a) (b) 

Figure 12. Wallets for axial (a) and diagonal (b) compressive strength testing.

3.4.4. Test Systems’ Design and Assembly

According to the experiment groups mentioned in Section 3.4.1, two integrated test
systems were designed and assembled:

• System for Cyclic Bending Shear Tests on Full-Scale Walls.
• System for Static Characterization Tests.

Development of System for Cyclic Bending Shear Tests on Full-Scale Walls

An innovative test system with a metallic structure, hinges, load cells, counterweight,
and actuator next to a reaction wall was designed to carry out cyclic bending shear tests on
full-scale masonry panels, whose detailed mechanism was explained in [49]. This system
allowed for horizontal load application on top of the masonry panels located on reinforced
concrete footings (Figure 13).

A mass next to 370 kg was applied on the top of the panels, representing an average
roof’s permanent load. A footings’ movement system was also designed, which allowed
footings to be moved and rotated for the purpose of applying the load at the panels’ top
section geometric center.

 
(a) 

Figure 13. Cont.
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(b) 

Figure 13. Cyclic bending shear test system for full-scale walls. (a) Illustrating out-of-plane tests.
(b) Prepared for in-plane tests. Source: [54].

The actuator was programmed to control displacement at a steady speed of 0.1 mm/s
until a displacement of 5 mm was achieved. After that point, the speed was adjusted to
0.5 mm/s for in-plane bending shear tests and 1 mm/s for out-of-plane bending shear tests.
Each load stage corresponds to three cycles, applied in four phases [54]:

• Push configuration, phase 1/4 (positive displacements are increasing), and phase 2/4
(positive displacements are decreasing).

• Pull configuration, phase 3/4 (negative displacements are increasing in absolute
values), and phase 4/4 (negative displacements are decreasing in absolute values).

External LVDTs fixed on an independent support structure and aligned toward the
specimens were used to measure both in-plane and out-of-plane displacements, as well as
torsional rotations. Additionally, LVDT sensors were attached directly to the panels at four
levels along their height, positioned to monitor steel deformations at specific locations.

Development of System for Static Characterization Tests

Part of the system for cyclic tests (the reaction gantry) was used for mechanical
characterization tests under static loads.

The reaction gantry was fixed to the reaction slab using pre-tensioned bars, with the
actuator fixed to the upper beam. For component testing, the actuator was programmed
for automated displacement control, and for wallet compressive tests, the highest capacity
actuator (1500 kN) was used in a manual control configuration.

In addition to the actuator sensors, the instrumentation included external LVDTs
mounted on an independent support structure and directed toward the specimen to mea-
sure vertical displacements. Furthermore, LVDT sensors were attached to the wallets within
a rectangular frame at specific locations aiming at monitoring steel deformations.
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3.4.5. Carrying Out Experiments and Data Analysis

Cyclic bending shear tests and their instrumental frames can be visualized in Figure 14
(C-panels, out-of-plane), Figure 15 (C-panels, in-plane), and Figure 16 (L-panels).

 
(a) (b) 

Figure 14. (a) C-panel specimens constructed for out-of-plane bending shear testing. (b) Instrumented
wall for testing.

 
(a) (b) 

Figure 15. (a) C-panel specimens constructed for in-plane bending shear testing. (b) Instrumented
wall for testing.

The results were analyzed considering the technical standards corresponding to each
test, using Matlab (versions 2020 and 2021a) and Excel (version Office Mondo 2016) software.
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(a) (b) 

Figure 16. (a) L-panel specimens constructed for in-plane bending shear testing. (b) Instrumented
wall for testing.

3.5. Panels’ Design Improvement

Based on the results obtained from the tests, it was possible to update the panels’ de-
sign, aiming to fix some observed problems and improve performance in real applications.

4. Results and Discussion
Starting from the initial panel’s design described in Section 3.1, the Results and

Discussion Section will follow the same structure presented in Section 3.

4.1. Panels’ Introductory Experimental Study
4.1.1. Multifactorial Shear Experiment on Wallets

As this experiment is considered crucial for choosing the best panel typology, the quan-
titative results and analysis are presented below. Table 2 shows the individual maximum
horizontal shear force results for the sixteen wallets that were tested at UFRJ.

Table 2. Maximum shear force in each wallet.

Type Wallet Number Maximum Shear Force (kn)

1V.GP.SE
W5 17.46

W14 18.45

1V.GT.SE
W4 34.54

W9 29.12

1V.GP.CE
W2 50.60

W10 48.36

1V.GT.CE
W7 60.71

W15 67.88
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Table 2. Cont.

Type Wallet Number Maximum Shear Force (kn)

2V.GP.SE
W1 20.87

W11 28.24

2V.GT.SE
W8 49.59

W13 44.32

2V.GP.CE
W6 59.65

W16 54.08

2V.GT.CE
W3 57.22

W12 59.22

Table 3 presents the main results from the multifactorial experiment. The color scale
represents a visual output hierarchy, where the red represents the worst results, and the
green, the best ones, for each criterion (effective shear force and house cost).

Table 3. Main results from shear experiment on wallets at UFRJ.

Types of Panels and Their Properties Effective Shear Force
Factor House Cost Factor

Type
Average

Shear
Force (kn)

Var.
Coef.

Mass per
Area

(kg/m2)

Force
/Mass
(m/s2)

Seismic
Loads

Non
Seismic
Loads

Usual
System

Joint
Working
System

1V.GP.SE 17.96 3.9% 220 81.54 1.00 1.00 1.00 1.00
1V.GT.SE 31.83 12.0% 265 120.01 1.47 1.77 1.18 1.18
1V.GP.CE 49.48 3.2% 320 154.50 1.89 2.76 1.32 1.29
1V.GT.CE 64.30 7.9% 365 176.03 2.16 3.58 1.50 1.46
2V.GP.SE 24.55 21.2% 231 106.51 1.31 1.37 1.02 1.03
2V.GT.SE 46.96 7.9% 271 173.61 2.13 2.61 1.20 1.20
2V.GP.CE 56.87 6.9% 331 172.06 2.11 3.17 1.34 1.32
2V.GT.CE 58.22 2.4% 371 157.14 1.93 3.24 1.52 1.49

From a constructive point of view, practical experience shows that installing the
reinforcements and the grout in the vertical holes is a laborious operation, as is anchoring
the reinforcements in the foundations. Furthermore, it can be seen from Table 3 that there
are configurations with sections partially grouted that present effective shear force factors
very close to the factors of fully grouted panels. For this reason, it was decided to disregard
the use of fully grouted panels.

Among the partially grouted panels, it can be noticed that the panel with two beams
and with plaster presented high effective shear force factors (2.11 for seismic loads and
3.17 for non-seismic loads) and an increase in the house costs considered tolerable (34% for
the traditional system and 32% for the ‘joint work’ system), so it was considered the most
promising alternative. Furthermore, the panel configuration with two beams, partially
grouted and without plastering, was also considered important to be investigated, as it
would allow for strength gain (near 30%) with minimal impact on house costs.

Based on these results, it was defined that the experimental investigation would
continue for panel configuration typologies with horizontal reinforcements approximately
every 50 cm and partially grouted holes in the modalities with (2V.GP.CE) and without
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plaster (2V.GP.SE). In theory, this would allow residents to build the cheapest model
(without plaster) at first and, in the future, add plaster to obtain performance gains.

4.1.2. Implications of Using Different Panel Types in SHS-Multirisk 1.0 House Model

The total calculated 1.0 house weight was 309.69 kN (64.47 kN for the roof and
245.22 kN for the walls with panel type 1V.GP.SE) [9]. Considering the different panels’
masses per area from Table 3, if one adopts the basic panel typology 2V.GP.SE, the total
weight is near 64.47 kN + 245.22 kN × 231/220 = 321.95 kN. If the panel used is type
2V.GP.CE, the total estimated weight becomes 64.47 kN + 245.22 kN × 331/220 = 433.41 kN.

As detailed in [9], when applying the Equivalent Horizontal Force Method according
to the Brazilian seismic standard NBR 15421 (2006) [55], the total horizontal force at the
base is evaluated, in a given direction, according to the expression H = Cs·W, where W
represents the total permanent weight, and Cs is the seismic response coefficient associated
with the pseudo acceleration Sa.

The calculated Equivalent Horizontal Forces for the same seismic scenarios studied
in [9] (PGA 0.2 g and 0.5 g, for soil types A—healthy rock, B—rock, C—altered rock or
very rigid soil, D—rigid soil, and E—soft soil) are present in Table 4 for the house weights
corresponding to different panel typologies.

Table 4. Seismic scenarios and evaluation for horizontal shear and bending effects, parallel to joints.
Adapted from [42].

PGA
Class of
Founda-
tion Soil

Scenario Sa Cs

Type of
Basic
Panel

H—
Equivalent
Horizontal
Force (kN)

Approved
Masonry for

In-Plane
Shear

Approved
Masonry for

Different
Bending Types

0.20 g
e.g., Haiti

2018

A 1 0.40 g 0.133 1V.GP.SE 41.29 100% 100%

B 2 0.50 g 0.167 1V.GP.SE 51.62 100% 100%

C 3 0.60 g 0.200 1V.GP.SE 61.94 100% 100%

D 4 0.80 g 0.267 1V.GP.SE 82.58 100% 100%

E 5 1.25 g 0.417 2V.GP.SE 134.15 100% 96%

0.50 g
e.g., Haiti

2010

A 6 1.00 g 0.333 2V.GP.SE 107.32 100% 96%

B 7 1.25 g 0.417 2V.GP.SE 134.15 100% 96%

C 8 1.50 g 0.500 2V.GP.CE 216.71 100% 83%

D 9 1.75 g 0.583 2V.GP.CE 252.82 100% 78%

Following the same steps and criteria detailed in [9], structural verifications in the
SHS-Multirisk 1.0 house model with the new panel typologies were carried out for the
ultimate limit state. These verifications were based on BS 5628-2 (2005) [56] with adaptations
when necessary, and considered walls as isolated, conservatively ignoring the group effect.

It is worth noting from Table 4 that, when using the appropriate basic panel’s typology
(1V.GP.SE for scenarios 1–4, 2V.GP.SE for scenarios 5–7, 2V.GP.CE for scenarios 8–9), the SHS-
Multirisk 1.0 model appears to be technically feasible regarding in-plane shear behavior.
However, some localized problems appear in bending for more aggressive scenarios (5–9)
and panels at the edges revealed critical stress, which has what motivated the strengthening
of these regions in SHS-Multirisk 2.0 house model.

These results confirmed the interest in typologies 2V.GP.SE and 2V.GP.CE for house
model 2.0 panels.
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4.2. Panels’ Design Review

Starting from the preliminary design presented in Section 3.1, Figures 17 and 18
illustrate the executive design of panels C and L, respectively. An overlapping length of
55 cm was adopted in the vertical Ø10 mm bars. The horizontal reinforcements of Ø6 mm
were organized as sets of three pieces, so no reinforcements were crossing in the mortar
joints with an average thickness of 10 mm.

(a) 

 
(b) 

Figure 17. Executive design of C-panels: (a) vertical reinforcement; (b) horizontal reinforcement.
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(a) 

 
(b) 

Figure 18. Executive design of L-panels: (a) vertical reinforcement; (b) horizontal reinforcement.
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4.3. Panels’ Main Experimental Study
4.3.1. Key Experiment Outputs

The focus of this article is not to discuss quantitatively the experiments’ results, but
rather to describe the overall panels’ development process and their preliminary relation to
house performance, especially regarding in-plane simple shear and bending shear behavior.
However, there are key findings that are useful to understand the 2.0 house’s performance,
which will be presented in the following sections. Additional quantitative experimental
results can be found in [57,58].

Results from Static Diagonal Compression Tests at UA

Long et al. [59] emphasize the importance of cohesive models and parametric studies
to understand the mechanical properties of materials under dynamic loading. In this regard,
attempts were made to parametrize some findings by comparing the results obtained in
Brazil and in Portugal.

Table 5 contains the main wallet diagonal compression test results, as well as the
equivalent pushover horizontal forces, calculated from the specimens’ geometry.

Table 5. Main results of diagonal compression shear experiment on wallets.

Wallet ID Diagonal Force (kN) Horizontal Equiv.
Pushover Force (kN)

Average Horiz. Equiv.
Pushover Force (kN) Variation Coefficient

CE1 187.16 128.63
124.55 12.24%CE2 199.80 137.34

CE3 156.62 107.68
SE1 104.03 71.28

70.30 5.46%SE2 107.18 73.55
SE3 96.28 66.07

One can note that the values of maximum shear forces obtained in Portugal diverged
significantly from the results obtained in Brazil. Plastered wallets had an average force of
124.55 kN in UA’s tests, near 2.19× the average of 56.87 kN obtained at UFRJ. In the same
direction, non-plastered wallets had an average force of 70.30 kN in UA’s tests, near 2.86×
the average of 24.55 kN obtained at UFRJ.

While [58] reported an average compressive strength of 5.17 MPa for the blocks used
in UA tests, [9] mentioned an average value of 2.06 MPa for blocks manufactured for wallet
tests in Brazil (nearly 2.51× higher). Additionally, the mortars used in Brazil presented a
compressive strength of 4.44 MPa, while those in Portugal revealed an average of 11.70 MPa
(also nearly 2.64× higher).

These results suggest that the increase in the wallets’ shear strength was probably due
to the increased blocks and mortars’ strengths, since the percentage gains in the compo-
nents’ compressive strength were similar to the percentage increases in shear strength. It is
believed that the determining factors for the increased strength in the components manu-
factured in Portugal were the type of soil used, the curing process under more appropriate
conditions, and the type of machine used to press the blocks. It should also be noted that
the tests on the components at UA were carried out for periods much longer than 28 days
from manufacturing, and there may have been some residual resistance gain over time.

Results from Full-Scale Panels’ In-Plane Bending Shear Tests

According to [58], the designed panels showed good shear deformation capacity at
in-plane and out-of-plane conditions, what contributes to their applicability at contexts
with high horizontal loads, such as those that occur in earthquakes and hurricanes; ref. [57]
demonstrated that the panel frequencies were within the expected range.
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The qualitative results from the main experiments also provided significant infor-
mation for understanding the panels’ behavior and allowed the sufficient conditions to
determine the panels’ improvement. The most relevant points are as follows:

• In all panels that kept vertical reinforcement active, collapsing occurred by the blocks’
compression at the base, revealing that the bending effect is critical to the structural
panels’ performance under cyclic loads (Figure 19).

• In addition to the blocks’ compressive collapse, it was observed that the high plastic
stretching at the base bars increased buckling when compressed, contributing to the
base blocks’ damage (Figure 20). This observation led to the decision to reinforce
the horizontal bars at the panel’s low quarter, shortening the spaces between the
steel stirrups.

• When vertical reinforcement remained active, the arrangement between the vertically
grouted holes and the steel stirrups were successful in keeping the panel’s integrity
during the cyclic tests, even if some mortar layers slightly slipped.

• In 2/3 of the L-panels, the lap splices did not work effectively, while this happened
in apparently 3/8 of the C-panels tested under cyclic in-plane shear with bending
(Figure 21). This was attributed to the more prominent torsional behavior and to
the shorter distance between the reinforcements and the compressed section in the
L-panels, what increases the forces at the bars under bending stress, when compared
to the C-panels. This observation led to the decision to adopt vertical entire bars,
instead of using lap splices.

(a) (b) (c) 

Figure 19. (a) C-panel damaged after out-of-plane bending shear testing. (b) C-panel specimen after
in-plane bending shear testing. (c) L-panel damaged after in-plane bending shear testing.

From a quantitative point of view, the maximum forces obtained in the cyclic
bending shear tests are particularly useful for a structural verification based on the
Equivalent Horizontal Force Method (EHFM), according to the Brazilian seismic standard
NBR 15421 (2006) [55] (Table 6).
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(a) (b) 

Figure 20. Steel bar buckling and damaged blocks nearby (a,b).

  

(a) (b) (c) 

Figure 21. Failure of lap splices in middle of L-panel (a) and C-panel (b), and in top of C-panel (c).

Table 6. Results from in-plane cyclic bending shear tests.

Pannel Type—ID Maximum Pushing Force
(kN)

Maximum Pulling Force
(kN)

Average Maximum Panels’
Load (kN)

L-1 18.72 35.55
25.29L-2 29.68 25.63

L-3 19.57 22.56

C-1 28.83 33.00

31.73
C-2 28.76 35.77
C-3 28.67 29.88
C-4 31.67 37.28

CE-1 31.86 36.44

34.28
CE-2 31.46 37.83
CE-3 29.24 36.56
CE-4 32.63 38.21
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It is worth noting from Table 6 that the average in-plane bending shear capacity of
the panels with plaster (CE) is just 8% higher than that of panels without plaster (C). This
may contrast with the results from the diagonal compression tests, in which wallets with
plaster showed to be 77% more resistant than wallets without plaster (Table 3). One can
also calculate efficiency factors (EFs) between in-plane bending shear against simple shear,
obtaining 0.451 for C-panels without plaster, 0.275 for plastered C-panels, and 0.360 for
non-plastered L-panels, revealing that simpler panels may be more efficient (and cheaper
to build).

Indeed, it is now clear that this drop in shear resistance is due to the bending behavior
in full-scale panels, what is totally in accordance with the results from the structural
verifications carried out in Section 4.1.2 for the 1.0 house model.

4.3.2. Implications of Using Proposed Panel Types in SHS-Multirisk 2.0 House Model

To carry out preliminary capacity verification for the house model 2.0, we will choose
the border panel lines (lateral ones), since we have in-plane bending shear experimental
data for all the panels’ typologies in this direction. The total horizontal force at the panels’
line is evaluated according to the expression Hline = Cs·Wline, where Wline represents the
total permanent weight at the line, and Cs is the seismic response coefficient associated
with the pseudo acceleration Sa.

Adopting a simplified and conservative approach, the panels’ out-of-plane bending
shear capacities and group effects were disregarded. Thus, the panels’ line service capacity
(LSC) was calculated by summing the individual panels’ capacities obtained from the
experiments. The roof weight was assumed to be the same as in model 1.0 (64.47 kN), since
the houses have similar areas. However, a 25% share was considered for the panel line
studied, proportional to its influence area. Horizontal loads from the earthquake’s effects
on the roof were distributed proportionally to the panels’ in-plane bending inertias. The
water tank load was not considered acting on this line, since in model 2.0, it is the bunker
panels that directly support it.

In addition to the roof and self-weight panels’ load, it was also assumed that each
panel supports half the load of another nearby transverse panel when seismic loads
occur. The properties for different panel typologies are summarized in Table 7, while
the properties of the panel lines for the plastered and non-plastered configurations are
summarized in Table 8.

Both house models’ masses are very close (310 kN in model 1.0, 311 kN in model 2.0
with panels without plaster, and 342 kN in model 2.0 with plastered panels), the materials
are essentially the same and the height is also similar. Therefore, similar house frequencies
are expected and the same response spectra values will be adopted for both models.

Since Cs is the seismic response coefficient, defined as Cs = (2.5 ags0/g)/(R/I), where
ags0 corresponds to the spectral acceleration for the period 0.0 s and I is the importance
factor corresponding to the use of the structure, the only difference between the house
models 1.0 and 2.0 is in the response modification coefficient (R), which is related to the
basic earthquake-resistant system. In model 1.0, the system was classified as ‘porticos
that resist at least 25% of seismic forces and masonry walls with common reinforcement
(ASCE 7-05)’ in which R = 3.0, whereas in model 2.0, the most appropriate system seems to
be ‘inverted pendulum-type structures and cantilever column systems’, in which R = 2.5.
This means that one can obtain Cs for model 2.0 (Cs,2.0) by simply multiplying the original
parameter by the factor 3.0/2.5, due to the difference in the R parameter.

After calculating the Horizontal Equivalent Force for the panel’s line, the global safety
factor (GSF) can be obtained by dividing LSC by Hline.
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The global safety factors obtained in Tables 9 and 10 illustrate the panels’ performance
in lines type 1 and 2, respectively. It is interesting that the line with panels with no plaster
have slightly higher GSF for all seismic scenarios and for all scenarios GSF > 3, that is, the
panels would withstand stress, in service conditions, by a comfortable safety factor.

Table 7. Isolated panels’ properties for different typologies.

Panels’ Typologies In-Plane Moment of
Inertia (cm4)

Average In-Plane Bending
Shear Capacity (kN)

Self-Weight
(kN)

Loads from Near
Panels (kN)

L—without plaster 1,095,000 25.29 10.07 3.72
C—without plaster 1,600,000 31.73 6.21 3.10
CE—with plaster 1,915,000 34.28 7.45 3.72

Table 8. Properties of panel lines for configurations without and with plaster (type 1 and
type 2, respectively).

Number of
Panels Within

the Line

% Roof Load
Distribution

Within the Line

Roof Load
Distribution

(kN)

Panels’
Self-Weight

(kN)

Near Panels’
Loads
(kN)

Wline
(kN)

LSC
(kN)

LINE TYPE 1: 2 L- + 4 C-PANELS

2-L 25.49% 4.11 20.13 7.45 31.69 50.57
4-C 74.51% 12.01 24.85 12.42 49.28 126.93

TOTAL 100.00% 16.12 44.98 19.87 80.97 177.50

LINE TYPE 2: 2 L- + 4 CE-PANELS

2-L 22.23% 3.58 20.13 7.45 31.16 50.57
4-CE 77.77% 12.53 29.79 14.89 57.22 137.11

TOTAL 100.00% 16.12 49.92 22.34 88.38 187.69

Table 9. House performance for panel line type 1.

PGA Class of
Foundation Soil Scenario Sa Cs,1.0 Cs,2.0

Hline_type1
(kN)

LSCtype1
(kN) GSFline_type1

0.20 g
e.g., Haiti

2018

A 1 0.40 g 0.133 0.160 12.95 177.50 13.70

B 2 0.50 g 0.167 0.200 16.19 177.50 10.96

C 3 0.60 g 0.200 0.240 19.43 177.50 9.13

D 4 0.80 g 0.267 0.320 25.91 177.50 6.85

E 5 1.25 g 0.417 0.500 40.48 177.50 4.38

0.50 g
e.g., Haiti

2010

A 6 1.00 g 0.333 0.400 32.39 177.50 5.48

B 7 1.25 g 0.417 0.500 40.48 177.50 4.38

C 8 1.50 g 0.500 0.600 48.58 177.50 3.65

D 9 1.75 g 0.583 0.700 56.68 177.50 3.13

It also demonstrates that, solely from the forces’ perspective, the favorable effect of the
plaster at the panels’ in-plane bending shear resistance may be surpassed by the adverse
effect of mass increasing. This leads to the conclusion that simpler panels may perform
better than plastered ones in full-scale walls, mainly due to bending effects. Despite that,
we believe that using a polyethylene mesh within a very thin plaster layer (<1 cm thick only
in the internal side) can be useful in increasing the panels’ performance for bending shear.
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Table 10. House performance for panel line type 2.

PGA Class of
Foundation Soil Scenario Sa Cs,1.0 Cs,2.0

Hline_type2
(kN)

LSCtype2
(kN) GSFline_type2

0.20 g
e.g., Haiti

2018

A 1 0.40 g 0.133 0.160 14.14 187.69 13.27

B 2 0.50 g 0.167 0.200 17.68 187.69 10.62

C 3 0.60 g 0.200 0.240 21.21 187.69 8.85

D 4 0.80 g 0.267 0.320 28.28 187.69 6.64

E 5 1.25 g 0.417 0.500 44.19 187.69 4.25

0.50 g
e.g., Haiti

2010

A 6 1.00 g 0.333 0.400 35.35 187.69 5.31

B 7 1.25 g 0.417 0.500 44.19 187.69 4.25

C 8 1.50 g 0.500 0.600 53.03 187.69 3.54

D 9 1.75 g 0.583 0.700 61.87 187.69 3.03

Another noteworthy point is that the discussion in the Section Results from Static
Diagonal Compression Tests at UA revealed that the wallets’ shear performance is directly
conditioned by the components’ resistances. The same applies to the findings in Section
Results from Full-Scale Panels’ In-Plane Bending Shear Tests, where efficient factors were
obtained between in-plane bending shear against simple shear. Despite the fact that this
topic deserves future investigations with wider samples, we will adopt these relations as
valid for estimating the bending shear resistance of panels with components of minimum
strengths (this is the case for the tests at UFRJ) using two equivalent methods (Table 11):

• M1 (based on the resistance factors calculated in Section Results from Static Diagonal
Compression Tests at UA): For similar situations where the components’ strengths are
2.51× lower than the ones obtained at UA, it is expected that the bending shear behav-
ior will be 2.19× lower for plastered panels and 2.86× lower for non-plastered ones.

• M2 (based on the bending shear efficiency factors calculated in Section Results from
Full-Scale Panels’ In-Plane Bending Shear Tests): In this option, the hypothesis is that the
efficiency factors (0.451 for C-panels without plaster, 0.275 for plastered C-panels, and
0.360 for non-plastered L-panels) may be similar independently of the components’
resistances, so that applying these factors to the average shear forces obtained in UFRJ
wallet tests would allow for obtaining bending shear estimations for full-scale panels
with minimum resistance components.

Table 11. Estimated properties for panels with minimum strength components.

Panels’ Typologies In-Plane Moment of
Inertia (cm4)

Estimation for In-Plane
Bending Shear Capacity (kN)

Self-Weight
(kN)

Loads from Near
Panels (kN)

L—without plaster 1,095,000 8.83 10.07 3.72
C—without plaster 1,600,000 11.08 6.21 3.10
CE—with plaster 1,915,000 15.65 7.45 3.72

The corresponding reduced line service capacity can be found in Table 12.
Finally, even for panels constructed with components of minimum strengths prescribed

in the standards, these findings reveal that the global safety factor is greater than 1 for all
seismic scenarios studied in this preliminary analysis (Tables 13 and 14), suggesting the
panels would withstand in bending shear service conditions.
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Table 12. Panel lines’ estimated properties for non-plastered and plastered configurations (type 1 and
type 2, respectively).

Number of
Panels Within

the Line

% Roof Load
Distribution

Within the Line

Roof Load
Distribution

(kN)

Panels’
Self-Weight

(kN)

Near Panels’
Loads
(kN)

Wline
(kN)

LSC
(kN)

LINE TYPE 1: 2 L- + 4 C-PANELS

2-L 25.49% 4.11 20.13 7.45 31.69 17.66
4-C 74.51% 12.01 24.85 12.42 49.28 44.33

TOTAL 100.00% 16.12 44.98 19.87 80.97 61.99

LINE TYPE 2: 2 L- + 4 CE-PANELS

2-L 22.23% 3.58 20.13 7.45 31.16 17.66
4-CE 77.77% 12.53 29.79 14.89 57.22 62.61

TOTAL 100.00% 16.12 49.92 22.34 88.38 80.27

Table 13. House performance evaluated for panel line type 1.

PGA Class of
Foundation Soil Scenario Sa Cs,1.0 Cs,2.0

Hline_type1
(kN)

LSCtype1
(kN) GSFline_type1

0.20 g
e.g., Haiti

2018

A 1 0.40 g 0.133 0.160 12.95 61.99 4.78

B 2 0.50 g 0.167 0.200 16.19 61.99 3.83

C 3 0.60 g 0.200 0.240 19.43 61.99 3.19

D 4 0.80 g 0.267 0.320 25.91 61.99 2.39

E 5 1.25 g 0.417 0.500 40.48 61.99 1.53

0.50 g
e.g., Haiti

2010

A 6 1.00 g 0.333 0.400 32.39 61.99 1.91

B 7 1.25 g 0.417 0.500 40.48 61.99 1.53

C 8 1.50 g 0.500 0.600 48.58 61.99 1.28

D 9 1.75 g 0.583 0.700 56.68 61.99 1.09

Table 14. House performance evaluated for panel line type 2.

PGA Class of
Foundation Soil Scenario Sa Cs,1.0 Cs,2.0

Hline_type2
(kN)

LSCtype2
(kN) GSFline_type2

0.20 g
e.g., Haiti

2018

A 1 0.40 g 0.133 0.160 14.14 80.27 5.68

B 2 0.50 g 0.167 0.200 17.68 80.27 4.54

C 3 0.60 g 0.200 0.240 21.21 80.27 3.78

D 4 0.80 g 0.267 0.320 28.28 80.27 2.84

E 5 1.25 g 0.417 0.500 44.19 80.27 1.82

0.50 g
e.g., Haiti

2010

A 6 1.00 g 0.333 0.400 35.35 80.27 2.27

B 7 1.25 g 0.417 0.500 44.19 80.27 1.82

C 8 1.50 g 0.500 0.600 53.03 80.27 1.51

D 9 1.75 g 0.583 0.700 61.87 80.27 1.30

Although this approach has limitations inherent to the EHFM, the real load corre-
sponding to the accelerations acting on the panels’ masses (near 80% if the total seismic
load) would act distributed along the panels’ height and not concentrated at the top, which
is what occurred in the cyclic tests. This means that, in real seismic situations, the bending
moments at the base would be reduced by 50% × 80% = 40%, allowing an increase in
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simple shear behavior and probably increasing the safety factors. In this context, plastered
panels may have greater safety factors than non-plastered ones.

4.3.3. Aspects Regarding Panels’ Deformation Capacity

An assertive quantitative analysis for the cyclic bending shear panels’ properties and
behavior demands more in-depth analysis of data, experimental details, and mechanisms
that are out of the purpose of this paper. However, to provide a general overview of
different panel types in-plane bending shear behavior, the cyclic load x displacement
graphs for three representative specimens are presented in Figure 22.

Figure 22. Representative panels’ load x displacements graphs from cyclic bending shear tests.
Source: [44].

From Figure 22, it is possible to note the following for in-plane bending shear:

• Despite the maximum forces are similar, C plastered panels allow for greater dis-
placements than non-plastered ones, revealing more ductility and better stability in
critical damage conditions. This characteristic is very useful in seismic contexts, what
confirms C plastered panels as a resilient option.

• L-panels also presented good deformation capacity, but due to their asymmetric
geometry, the force behavior in pulling is very different from pushing. However, as
they act in opposite pairs within the panel lines, the load asymmetry effect may be
reduced. These panels presented a more prominent stiffness degradation rate when
the tensioned region was within the panel’s width (and the compressed region was
within the panel’s length).

• For all panels in which the steel bars remained working, high displacements
were achieved.

It is important to highlight that none of the panels collapsed during or after the cyclic
tests. Even when critically damaged and disconnected from the test system, all panels con-
tinued supporting the roof simulated load and the self-weight. Despite the reinforcements
being plastically deformed, they had an important role in this ultimate performance.
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4.4. Panels’ Design Improvement

As mentioned in the previous section, after the cyclic tests, it was concluded that the
vertical reinforcements should preferably be continuous, without splices. While this may
represent some additional construction work, it is understood that the level of reliability in
panels’ performance can be improved significantly. Even so, more care is needed with the
consolidation of the mortar in the holes, and it should have a more fluid consistency.

As the collapse at the panels’ bases was associated with the buckling of the reinforce-
ments, it was necessary to add two stirrups in the panels’ lower frame (first 50 cm from the
base) to reduce the bars’ buckling length.

Figures 23 and 24 contain the final panels’ design version.

(a) 

 
(b) 

 
(c) 

Figure 23. Cont.



Buildings 2025, 15, 3242 36 of 44

(a) 

 
(b) 

 
(c) 

Figure 23. Executive improved design of C-panels: (a) elevation; (b) vertical reinforcement;
(c) horizontal reinforcement.

Figure 25 contains the panels’ integration into the house walls. As one can see, the pan-
els should be constructed keeping vertical joints but providing horizontal reinforcements
that allow solidary out-of-plane displacements.

(a) 

 
(b) 

Figure 24. Cont.
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(a) 

 
(b) 

(c) 

Figure 24. Executive improved design of L-panels: (a) elevation; (b) vertical reinforcement;
(c) horizontal reinforcement.
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(a) 

(b) 

Figure 25. Reinforced CEB masonry in the house configuration: (a) vertical reinforcement;
(b) horizontal reinforcement.

4.5. Panels’ Recovery Process

Two C-panels (one with plaster and the other without plaster) were then recovered
with the reinforcement’s insertion and tested again. The recovery process was based on the
following steps (Figure 26):

• Pre-shoring of walls;
• Wall’s horizontal alignment at the base;
• Wall’s vertical alignment;
• Locking struts in the wall right position;
• Replacing/welding of broken bars;
• Adding new steel bars where buckling occurred;
• Wooden formwork to cast mortar;
• Pouring soil/cement mortar into the forms;
• Mortar wet curing for 3 days;
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• Removal of forms after 7 days;
• Removal of metal props after 28 days.

(a) (b) 

(c) (d) 

Figure 26. (a–d) C-wall recovery process.

Both recovered walls presented restitution of the load capacity in the final displace-
ments in at least one of the test directions (pulling and/or pushing). This result confirms
that it is possible to recover panels critically damaged using simple techniques and local
resources, restoring their work capacity. This is particularly useful to prevent the corro-
sion of exposed steel bars and structural deterioration in damaged and cracked walls, as
mentioned by Zhang et al. [60].

The panels; ductility is a critical feature for seismic resilience. Vertical reinforcement
enhances ductility, while the modular design ensures post-damage recoverability, allowing
individual panels to be recovered after critical damage. Kennedy [61] emphasized the
importance of conservative strain limits to prevent failure, but SHS findings indicate that
the panels can maintain functionality after significant damage and recovery.

This feature is particularly valuable in disaster-prone regions, where rapid reconstruc-
tion is essential.

5. Conclusions
The SHS-Multirisk 2.0 house development process involved several complexities,

especially regarding the panels’ development.
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The complexities originated from several aspects, such as the different dynamics of the
loads arising from earthquake and hurricane hazards, the high degree of interdependence
between house and panels’ designs, the interdisciplinarity between architectural design and
engineering performance, and the need to use local materials with reduced environmental
impact and artisanal production techniques, in accordance with the project’s philosophy
of simplicity.

From a construction point of view, the development objectives were considered to be
achieved, since it was possible to manufacture the blocks with local materials and without
electric power. Furthermore, the panels were built manually by professionals who had
never worked with this technology, proving their viability for use by local populations.

From a technical point of view, the objectives were also considered to be achieved
in the panels’ design. The designed panels showed good performance in bending
shear, especially for in-plane conditions, demonstrating their applicability in seismic
contexts (see Video S1 at the Supplementary Materials section at the end of this paper).
C plastered panels revealed better performance than non-plastered ones for high
displacements, but this good performance depends on the effectiveness of a structured
mesh (i.e., polyethylene) embedded in a thin mortar layer. Despite the fact that the
structured plaster’s role in shear is remarkable, bending restrictions may significantly
limit this advantage. L-panels have accelerated stiffness degradation when compared
to C-panels.

Preliminary assessments based on the Horizontal Equivalent Force (HEF) method
prescribed by NBR 15421 [55] and BS 5628-2 [56] revealed that by using the adequate panel
types as tested in the UFRJ multifactorial experiment, the SHS-Multirisk 1.0 house model
would attend shear ultimate limit state requirements for load scenarios PGA 0.2 g (terrains
classes A, B, C, D, E) and PGA 0.5 g (terrains classes A, B, C, D), but bending remains
unattended. However, in real service conditions for scenarios like the Haiti 2018 and 2010
earthquakes, model 1.0 would probably perform satisfactorily.

Starting with the results of the bending shear cyclic tests carried out at UA, introduc-
tory assessments for the SHS-Multirisk 2.0 house model allowed for estimating HEF loads
and comparing them to the border panel’s line’s service bending shear capacity. The global
safety coefficients were revealed to be greater than 3 for all studied scenarios, pointing
towards successful performance for seismic situations. Furthermore, the damaged panels
could be recovered using simple techniques, with much of their deformation capacity being
restored after recovery.

From the point of view of an R&D&I design, it is considered that the objectives
were adequately achieved, since they include the research, development, and practical
implementation of the following products and processes: SHS-Multirisk 2.0 house panels
(fully developed products), system for full-scale wall cyclic testing (complete product),
process for full-scale wall cyclic testing (complete process), and the SHS-Multirisk 2.0 house
(product under development through the UFRJ-UA partnership).

The main limitation of this work has to do with the local materials’ varying proper-
ties, the differences in the machines eventually used to manufacture the blocks, and the
differences in personnel expertise employed in the panels’ construction, based on different
contexts, cultures, and locations. However, an attempt was made to estimate the cyclic
bending shear’s service capacity for panels constructed with minimum strength parameters.
In this case, the global safety coefficients for the border panel lines revealed greater than 1
for all scenarios studied, indicating probable successful performance in scenarios like the
Haiti 2018 and 2010 earthquakes.

While the present research has demonstrated the feasibility of obtaining effective local
construction solutions for SHS Project situations, it is important to highlight that further
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data analysis, computational modeling/simulations, and verifications must be carried out
to develop a definite comprehensive understanding of the full house model’s performance
in diverse seismic contexts.

The house model is still an object of investigation through the collaboration
of UFRJ-UA, which aims to understand the hazard scenarios to which the house
is applicable.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/buildings15173242/s1, Video S1: SHS Test System (2022).
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