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ABSTRACT: This closure chapter acknowledges the most common retrofitting elements and measures
identified in vernacular architecture. It enhances common systematic structural damage and failure me-
chanisms during earthquakes, relating them with probable causes, and establishing general recommenda-
tions to consider in preventive and reactive actions. Also, recommendations for the design and detailing
of new construction in prone earthquake areas are advanced.

1 INTRODUCTION

The earthquake impact in dwelings has been studied
since long. The capacity of the structural elements
and of the building are crucial for the survival of the
dwellings under earthquake demands. The length of
the earthquake, its epicentre location in relation to
the dwelings, the local soil conditions, and the
foundations system have certainly a relevant
meaning in the survival of the building stock in
earthquake prone regions.

This chapter presents systematic encompassed
failures, identified in several of the vernacular
dwellings located in seismic areas. It also presents
preventive recommendations for new housing, as
well as for the strengthening of existent building
structures.

2 STRENGTHENING AND RETROFITTING
ELEMENTS

Based on the research addressed during the
Taversism project (Correia, 2002), and throughout
the research project ‘SEISMIC-V: Vernacular
Seismic Culture in Portugal (Correia et al., 2014),
the research project team identified several different
elements and systems for seismic-retrofitting in
vernacular architecture. Following are listed the
most common elements and systems, observed
during the entailed missions:

2.1 Strengthening elements.

Retrofitting elements are commonly applied in ver-
nacular construction, to improve the connection

among units in masonry, and/or to improve the ca-
pacity of the walls: e.g. horizontal reinforcement in-
between rammed earth layers / adobe masonry /
stone masonry; wood connectors used on the interior
of walls, Pombalino structural system.

2.2 Perimeter seismic-resistant elements.

The perimeter elements aim at locking the built
structure, defining a joint behaviour and response of
the structural elements, such as walls, floors and
roofs (i.e. to develop the so-called "box behaviour").
This ensures the connection and stability of the
structural elements in the perimeter of the construc-
tion; e.g. buttresses, masonry quality improvement,
and other strengthening solutions of the corners, re-
inforced plinth, and tie-rods.

2.3 Arches reinforcing elements.

A combination of arches and vaults arises usually
associated with traditional typologies. These are lo-
cated at the ground floor, of two or more floor build-
ings, both in urban or peri-urban areas: e.g. arches
and vaults on the ground floor; and flat arches (or
jack arches) on the top of the openings.

2.4 Combined reinforcing elements and solutions.

It comprises, for example, solutions, where structur-
al elements are applied between contiguous build-
ings or row buildings: e.g. continuous cornice, and
counter-arches.



1. Horizontal cracking of the wall. This happens in particular, in the case of long walls
2. Diagonal cracking of the wall

3. Failure of walls that are not confined (corners that are not interconnected or at the end of loose walls) ’

Figure 1. Common out-of-plane failure mechanisms (credits: CI-ESG).

3 SYSTEMATIC FAILURE AND CAUSES

To favour the development of seismically safer con-
structions, recommendations should be addressed on
improving and reinforcing protective measures. At-
tention should also be given to actions that may re-
duce the seismic impact. Several authors already ad-
dress these relevant matters, such as Yamin
Lacouture et al. (2007), Lopez Trujillo (2014), Prie-
to Sanchez & Vargas Neumann (2014), among oth-
ers.

Following are some of the recommendations that
should be considered, when improving the seismic
capacity of vernacular architecture and in new con-
struction.

3.1 Types of failure

Following, are listed some common types of failure
of structural components. The most probable causes,
observed in vernacular constructions, when subject-
ed to seismic actions, are also briefly defined:

a) Out-of-plane collapse of exterior walls due to
poor connection to the perpendicular walls and to
the horizontal structural systems (floors and roof); or
due to the masonry poor quality (see Figure 1).

b) Severe in-plane cracking of the walls due to
poor shear capacity to resist the horizontal in-plane
demands, as a consequence of poor masonry quality,
degradation, or large openings.

¢) Roof collapse due to the collapse of it supports,
due to poor connection with the exterior walls, or
due to its heavy mass.

d) Floors collapse. Upper floors may collapse
due to the collapse of their support system, or due to
a weak connection with the exterior walls.

3.2 Common errors and causes of failure

Following are listed the common errors and causes
of severe damage or failure, verified on one to two
floors vernacular buildings, when seismically loaded
(see also Figure 2):

a) Heavy roofing systems: Mass concentration on
the top of the building may induce high concentrated
heavy loads and damages.

b) Poor connection between walls: A weak inter-
locking in the connection of perpendicular walls
may facilitate the out-of-plane of the walls, and de-
crease the global capacity of the building.

¢) Instable gables: Absence or poor connection of
the gables to the roof and floor structures.

d) Insufficient strength capacity of the exterior
walls: This can be due to thin walls, or to walls with
insufficient strength.

e) Low quality of the construction materials or
masonry system: Weak units (adobe, stone) of the
masonry system; poor mortar, lack of strength of the
stone masonry system; masonry without mortar on
the vertical joints; uneven compression when build-
ing the rammed earth; wicked rammed earth mix-
ture, etc.

f) Improper connection on the building corners:
When rammed earth, adobe masonry or stone ma-
sonry walls are not tied, or have a poor interlocking,
at the building’s corners.



1. Heavy roof / Roof badly retrofitted

2.No plinth or week plinth / No foundations or weak foundations

3. Very large walls and very long walls
4. Too wide openings
5.Incorrect connection on the building corners

Figure 2. Common damages in masonry dwellings due to earthquake demands (credits: CI-ESG).

g) Irregularity on the openings distribution: This
may induce a concentration of stresses and demands
on the walls, and on the existent openings.

h) Poor or short support of the opening lintels: It
may collapse because of the stress concentration on
the support, or due to damage of the earthquake de-
mands.

i) Excessive opening dimensions: Too wide door
or window openings may lead to stress concentra-
tions and irregular behaviour of the building.

J) Proximity of the openings to building corners:
Openings too close to the building corners may lead
to a stress concentration in the wall.

k) Windows or doors on the building corners:
The presence of openings in the building corner in-
duces a discontinuity between perpendicular walls.

) Long walls: Long walls, not properly connected
to transversal walls and floor/ roof structures tend to
exhibit larger out-of-plane deformations.

m) Absence or week foundation system: This may
induce excessive deformations on the walls, and in
the overall structure.

4 GENERAL RECOMMENDATIONS

A standard of general recommendations is addressed
in terms of preventive actions and reactive actions,
after the construction is erected (even before earth-
quakes), and/ or criteria for design of new construc-
tion.

4.1 Preventive actions

First, it is fundamental to address a good con-
struction in terms of materials and building systems.
This relies on a suitable connection between ele-
ments, but also on materials with adequate proper-
ties: good compaction of the rammed earth, good
mixture of the adobe earth, stone without salt prob-
lems, adequate mortars, etc.

a) Foundations: 1t is fundamental for dwellings
to have strong and stable foundations, to ensure a
good distribution of the vertical dead load, but also
to be able to respond to earthquake lateral demands.

b) Wall plinth: 1t is relevant to assure a strong and
adequate construction of the wall plinth, which
guarantees a proper connection of the structure at the
ground level.

c) Wall reinforcement: This should be considered
between rammed earth horizontal layers or adobe/
stone masonry horizontal joints. These retrofitting
measures can be addressed, for example, through the
use of internal horizontal wood elements, fired
bricklayers, or stone layers, on the horizontal joints
of the rammed earth.

d) Walls connection: During the construction, it is
important to provide a good connection between in-
terior walls and exterior walls, as well as between
exterior walls at the corners. These connections can
be improved through the integration of interconnect-
ed wood, stone slabs, or brick elements at the cor-
ners.

e) Ring beam: Usually applied on the top of the
walls and/ or at the floor levels. It promotes an ade-
quate connection of the walls, and improves their
out-of-plane capacity.

f) Lintels: Lintels with short support on the door
and window openings should be avoided. Lintels
should be property connected to the walls.

4.2 Reactive actions

a) Foundations: Consolidation or enlargement of
foundations, but also careful integration of founda-
tions (Correia & Merten, 2000), when they do not
exist. All these measures will guarantee the adequate
transmission of the vertical loads into the soil.

b) Reinforced wall plinth: To be applied external-
ly to the walls, at their base.



c) Wall reinforcement: As it is difficult to insert
horizontal connectors, in-between rammed earth
layers or stone masonry joints, masonry reinforce

ment can be considered, when external reinforc-
ing solutions are introduced. For example, in Peru,
Colombia and Portugal, several experiences have
been made with geo-grids, raffia, etc. (Figueiredo et
al., 2007).

d) Buttresses: To be applied in strategic weak
points of the building or where out-of-plane may oc-
curs.

e) Tie-rods: To connect opposite walls, at floor or
roof levels, to assure their stability to out-of-plane
demands.

4.3 Design criteria

Some recommendations regarding design criteria
and detailing of buildings for prone-earthquake are-
as, follow herein:

a) Plans should be regular: Regular geometry in
plan, as for example symmetrical plans, promotes a
regular behaviour and distribution of demanding
loads among the structural walls.

b) Regularity in height: Abrupt changes of
strength, stiffness or mass in height should be avoid-
ed, in order to promote a regular response of the
building to seismic demands.

¢) Roof structural system and roof coverings
should be light: Heavy roofing systems tend to de-
velop high concentrated demands.

d) Openings should not be too wide: Dimensions
of the openings should avoid high stress concentra-
tion, due to horizontal demands.

e) Openings to close to corners should be avoid-
ed: Openings should be located far enough from the
corner, to avoid stress concentrations.

f) Proper connections between the different ele-

ments should be promoted: An adequate connection
between walls, roof and walls, and floors and walls,
tends to promote lower and better distribution of the
demands of the earthquake among the structural el-
ements.

g) Reinforcement elements should be integrated
in weak points of the walls: Points, where high de-
mands may be concentrated, should be reinforced
with wooden, stone, or brick elements.

h) Accurate constructive details should be pro-
vided: Rigorous plans and drawings, including de-
tails of the structural elements, connections, etc.
should be prepared, to avoid errors in the building
construction that may affect its safety.

i) Selection of adequate materials, rigorous con-
struction and monitoring. They all should be consid-
ered, so as to guarantee a safe dwelling.

5 FINAL REMARKS

From the analysis of vernacular architecture con-
struction details in prone-earthquake areas derived
recommendations for the behaviour and performance
improvement of vernacular buildings. Simple,
though effective measures can be taken at the design
phase, such as structural regularity, continuity, etc.
Additionally, addressing a consistent reinforcement
of the housing can also promote an improved behav-
iour of the buildings under an earthquake impact.
The seismic safety of existing structures can be im-
proved with these recommendations. Therefore, un-
derstanding why systematic failure occurs and how
population can address adequate, preventive, or even
reactive solutions, can contribute to the safety and
survival of local communities, when earthquakes oc-
cur.

1.Low quality of material - lack of good compression of the rammed earth
2.Lack of horizontal strength between the exterior walls
3.Lack of ties between walls/ gables

4. Openings too close to the building corners

5. Poor or short support in the opening lintels

6. Irregularity on the opening distribution

Figure 3. Common damages in masonry dwellings due to earthquake demands (credits: CI-ESG).
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