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a b s t r a c t

This paper presents an assessment of the potential seismic performance of new earth construction in
Portugal. Results of a parametric study on a properly designed rammed earth construction, considering
several strengthening solutions, are presented and discussed. It is concluded that single storey houses
can have acceptable seismic performance even in high seismicity areas, provided that the structure is
adequately strengthened by reinforced concrete columns and beams. Improvement of the characteristics
of the structural material (earth) may be necessary to reduce damage.

© 2010 Elsevier Ltd. All rights reserved.
1. Introduction

For thousands of years, ever since cities have been built, earth
has been used as a construction material. These constructions
can be found all over the world with emphasis on Berber Africa,
the Maghreb, the Near East, South and Central America and also
Southern Europe. It is estimated that more than half the world
population lives in earth constructions [1]. This is because it is
a low-cost material available everywhere and it is recyclable,
incombustible and provides good thermal insulation. In modern
times earth has continued to be used in new constructions,
especially in developing countries. However, nowadays a revival
of this type of construction can be observed all over the world,
including in developed countries, due to energy and environmental
problems, coupledwith a rising interest in architecture of this type
of construction.

In these countries, however, earth construction is no longer a
poor-quality low-price solution. A study made in Portugal [2] in
which rammed earth walls were compared with solutions made
with current hollowbrick, adobe and compacted earth blockswalls
showed that the rammed earth walls were the most expensive
(about five times more per square meter than the low-quality
current brick solution). However, when these rammed earth walls
were included in a standard single-family cottage and compared
with the equivalent global solutions with the other wall materials,
the overall extra cost was reduced to only 15%. This proves that
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rammed earth is an economically feasible solution providing the
enticing advantages of better aesthetics, comfort and authenticity.

In Portugal, earth construction is also part of the built heritage.
Even though no reliable sources can be cited concerning the initial
date of the use of earth as a construction material, it is admitted
that it goes as far back as the beginning of the pre-historical period.

However, earth construction suffers physical degradation with
the passage of time, due especially to water, and its weak
mechanical properties are an additional drawback. Most of these
problems can be overcome by means of suitable improvements to
material properties and constructive and strengthening solutions.
The problem that may most severely restrict this type of
construction is its poor strength, as the recent earthquake of 26
December 2003 in Bam, Iran, clearly showed. The fortress andmost
of the town’s buildings, which were earth constructions, collapsed
during the 6.6magnitude earthquake. Fig. 1 shows the town before
and after the earthquake.

Some studies have been performed using physical models in
regionsmore prone to natural disasters, namely earthquakes. They
aim at increasing the strength of these constructions and led to
codes and regulations, namely the 1998 New Zealand Code [3], the
2006 New Mexico Code [4] and the 2002 Australian Standard [5],
which all contemplate seismic structural strengthening. The main
focus of these design codes is new buildings even though many
of the principles can be applied to seismic retrofitting of existing
structures.

There are also a few documents that deal with the basic
concepts of structural design for earth construction, as well as
the principles and considerations to be taken into account in
relation to conservation because of the seismic vulnerability of
these constructions. Two such publications are ‘‘Planning and
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Fig. 1. The town of Bam in Iran: (a) before the December 2003 Earthquake and
(b) after the December 2003 earthquake.

Engineering Guidelines for the Seismic Stabilization of Historic
Adobe Structures’’ (2002) and ‘‘Seismic Stabilization of Historic
Adobe Structures—Final Report of theGetty Seismic Adobe Project’’
(2002), both from the Getty Conservation Institute.

Even though there is a strong seismic activity in the south
of the continent, European countries have not prepared earth
constructions codes dealing with this issue. However, researchers
are developing studies in order to improve the performance and
strength of these constructions.

In order to study the possible use of earth as the main material
in new construction in seismic zones, such as the south of
Portugal, which is now witnessing a mild revival of rammed earth
construction, a parametric study on a house of typical dimensions
and adequate design was undertaken [6]. Five different typical
structural strengthening solutions have been evaluated in order to
identify those with the better seismic performance.

Some research is being carried out in this area but it scarcely
deals with structural analysis. Very few studies have been made
using numerical models of earth construction by means of finite
elements, (e.g. [7,8], where conventional spectral analyses were
performed using linear models). However some other researchers
have presented experimental results based on real-scale models,
developed from numerical models. For instance, Maniatidis and
Walker [9] published a work on the structural capacity of earth
columns subjected to compression with centred and eccentric
loads. In order to study the strengthening of earth constructions,
it is necessary to characterize the raw material, as Hall and
Djerbib [10] did. The maximization of the mechanical strength
of this type of construction may also be tackled by adding other
materials as suggested by Jayasinghe and Kamaladasa [11]. Other
researchers, such as Morel et al. [12], have analyzed the influence
of the geometry of earth blocks in order to maximize their
compression strength. Still other researchers, such as Jayasinghe
and Mallawaarachchi [13], carried out tests in compressed
stabilized earth bricks and blocks and stabilized rammed earth,
in order to determine their flexural strength. In most research
projects and experimental studies, real-scale models have been
built in order to provide useful guidelines for suitable practices in
this type of construction.

2. Parametric study: overall description of the structures

The aim of the parametric study is to analyse the potential
seismic performance of typical Mediterranean rammed earth
construction, one storey high with thick walls and small spans. For
this purpose, a set of five structures with the same geometry and
earth properties are analysed. The first one has no strengthening,
while the other ones comprise different reinforcing solutions.

2.1. Geometry

Since the aim of this work is to study new construction,
notwithstanding the fact that some of the strengthening solutions
can also be used to rehabilitate existing constructions even though
conservation issues may be raised if they are historic, there are no
limitations on the choice of geometry. Therefore, this was based
on the following recommendations aimed at providing lateral
strength, which nonetheless are compatible with the dimensions
and architecture of existing traditional earth constructions in
Portugal:
• By Coburn et al. [14]: (i) regular, compact plan, (ii) one

floor only, (iii) light roof, not made of earth, (iv) regular
distribution of interior walls, (v) walls with neither long spans
nor transverse support, and (vi) consistent foundations in
competent soil.

• By Blondet et al. [15]: (i) height of the wall less than eight
times its thickness, (ii) distance between parallel walls less
than 10 times the thickness of the perpendicular walls, with a
maximum of 7 m, (iii) width of doors and windows less than
1.2 m and 1/3 of unsupported wall length.

• By Peña and Lourenço [16]: (i) foundation depth between once
and twice the wall thickness, and (ii) foundation extending at
least 0.30 m above ground floor level to avoid erosion of earth
by ground water.

All structures comprise one floor 2.8 m high. Fig. 2 shows the plan
of all structures and a vertical cut of the foundations.

2.2. Material properties

The determination and calibration of the materials properties
are not the main purpose of this research. Some of the properties
used can vary by up to one order of magnitude depending on the
source of the material and the reference consulted. Therefore, the
material mechanical properties used in the analysis aim only at
being plausible average values of the type of earth construction
built in Portugal and the authors point to the fact that this subject
must be further developed in future studies in order to evaluate the
sensitivity of the conclusions reached here to the possible scatter
of mechanical properties. However, the main conclusions are not
expected to change from a qualitative but only a quantitative
point of view. Young’s modulus of rammed earth is taken as being
E = 200 MPa (NZ4297, 1998) and Poisson’s ratio as 0.35 [17,
18]. The unit weight was assumed to be 19 kN/m3 [18]. According
to the New Zealand Code [3], the maximum compressive stress
can be taken as being σc = E/300, yielding σc = 0.67 MPa.
Varum et al. [19] suggest that the maximum tensile stress can be
taken as 20% of the maximum compressive stress, yielding σt =

0.67/5 = 0.13 MPa, a value that will be adopted in the analysis.
New Zealand Standard NZ4297 [3] indicates that shear stresses
below τ = 0.08 MPa can be considered acceptable, a conclusion
drawn from experimental tests. However, this value could be seen
as very conservative, which is why NZ 4929 also accepts higher
values for shear stresses if tests are performed to evaluate the
rammed earth’s compressive strength, σc . In these cases, the shear
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Fig. 2. Plan of the structures and vertical section of the foundations.
stress can be the higher value given by the two equations below:
τ = 0.07 × σC . (1)
Or
τ = 70 + 5 × h (kPa) (2)
where h represents the height of the wall in meters.

According to these equations, the acceptable shear stress,
assuming that σc = 0.67 MPa and h = 2.6 m, is calculated to
be:
τ = 0.07 × 0.670 = 0.047 MPa
τ = (70 + 5 × 2.6)/1000 = 0.083 MPa,
which is only slightly above the recommended value of τ =

0.08 MPa. Other authors, like Jaquin and Augarde [7], propose for-
mulas calibrated from experimental results that yield acceptable
shear stress values between 0.07 and 0.8 MPa. In this work, the
value of τ = 0.08 MPa is taken as the acceptable upper limit for
the shear stresses.

The strengthening materials used are stone (in Portugal
limestone, granite, schist or basalt), timber (in Portugal maritime
pine, oak or chestnut) and reinforced concrete (RC). The properties
assumed for these materials, including their unit weight, are
shown in Table 1.
Table 1
Material properties.

Stone Timber Concrete C20/25

E (MPa) 10000 [23] 10000 [24,25] 29000
Poisson’s ratio 0.2 0.2 0.2
Unit-weight (kN/m3) 22 6 25

2.3. Specific description of the different studied structures

The first structure is an unreinforced building made only of
rammed earth, apart from the foundations (in stone), the roof
structure (in timber) and a 0.20 m thick timber beam on top of all
openings, as shown in Fig. 3.

Structure 2 is reinforced by means of visible stone elements
around the borders of all door andwindowopenings. The thickness
of the stone elements is the same as the one of the walls (0.60 m)
and the other cross-section dimension is 0.20 m. This strengthens
some of the locations where the highest stresses occur. All corners
and intersections of walls are also reinforced with 0.40 m wide
stone elements, as shown in Fig. 4. This improves the behaviour
of orthogonal walls under horizontal loads.

Structure 3 can be obtained by adding steel cables (φ16, S400)
at the top of the walls connecting the perpendicular walls, a type
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Fig. 3. Side view of structure 1.
Fig. 4. Perspective of the stone reinforcement at the structure 2.
of strengthening widely used in masonry construction in Portugal
and elsewhere. Fig. 5 shows the anchorages of these cables in real
constructions and Fig. 6 defines the location of the cables.

Structure 4 can be obtained from structure 2 with an RC beam
along the top of all walls. Depending on its thickness, it may be
visible or completely hidden within the earth walls, as it is here,
since the beam’s cross-section is 0.20 × 0.20 m2. It is assumed
that the beams are properly connected to the earthwalls and stone
columns at the corners and intersections of orthogonal walls. This
can be achieved by means of bolts or indentations, for example.
Therefore despite the differences of stiffness between different
materials, it is assumed that there is no slip at the interfaces.
This is enforced in the model by establishing compatibility of
displacements at the interfaces.

In structure 5, the columns and foundations of structure 4 are
replaced by RC elements. The RC columns are 0.20 × 0.20 m2, and
are embedded in the earth panels and therefore are not visible.
Even though in practical terms the structure can be considered
as a 3D reinforced concrete frame filled with earth panels with
partition and resisting functions, the architectural concept is one
of an earth construction (namely in terms of the thickness of the
walls due to the procedures needed to produce rammed earth) that
is reinforced in the inside to resist seismic actions (and namely
to prevent the earth walls from collapsing by being confined at
the tops). Fig. 7 shows a house of this type, but with purposely
larger, visible beams and columns. Even though it is known that
for confined masonry, properties of the confined panels (here
the earth panels) are enhanced as regards shear resistance and
deformation capacity, this effect was not taken into account
because a conservation stance has been adopted throughout the
study.

In short, thewalls in structure 1 aremade of rammed earth only
with stone foundations; structure 2 is the same as 1 with stone
elements around the openings; structure 3 is the same as 2 with
steel cables; structure 4 is the same as 2 with a RC beam at the top;
structure 5 is the same as 4 with RC foundations and columns.

2.4. Actions

All five structures were analysed for the same actions, the
weight of the structure (G) and the seismic action (E). The weight
of the walls was modelled directly at the level of each element,
inducing mainly vertical compressive stresses in all walls.

The roof is assumed to be a timber framework coveredwith tiles
and having a distributed weight of 0.5 kN/m2. It is also assumed
that the roof does not transfer horizontal loads to the walls due
to its own weight, as recommended in this type of construction.
It must therefore be horizontally braced if it comprises non-
horizontal beams, to distribute the associated mass and weight
along the nodes on the top of the structure in the zones where
it would be supported on the structure. Even though some axial
restraint may exist in one direction, this type of roof structure
does not provide diaphragmatic action. Therefore, this was not
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Fig. 5. Anchorage of steel cables in earth structure in S. Luís, Portugal.

Fig. 6. Detail of the location of the cables.

explicitly considered in the models in which the roof masses were
modelled as additional masses on the nodes at the top of the
exterior walls. However in models 4 and 5, the top RC beams
restrain horizontal deformations in the horizontal plane at the top
of the walls, producing a partial diaphragmatic effect.

The elastic horizontal acceleration response spectrum for 5%
damping prescribed in the Portuguese code of actions [20] was
used in this work and is shown in Fig. 8. It is associated with
Fig. 7. Earth house with RC beams and columns in S. Luís, Portugal.

Fig. 8. Response spectrum.

the highest seismicity zone in Portugal (Zone A), which includes
Lisbon and the south, where earth construction is more frequent,
and with a soil of average stiffness, corresponding to NSPT = 40.
The response spectrum for vertical accelerations was obtained
by multiplying the spectrum for horizontal accelerations by 2/3
(Fig. 8), as prescribed in RSA. The two horizontal and the vertical
components of the seismic action were considered simultaneously
and their effects combined by means of the SRSS (square root of
sum of squares) rule.

The combinations of actions considered were
Vertical loads: 1.5G.

Seismic combinations:G ± 1.5E.

The peak ground acceleration corresponding to 1.5E is 0.265g.
(G—Gravity loads; E—earthquake action; g—acceleration of
gravity).

2.5. Structural modelling

The stresses in the structurewere analyzed bymeans of a three-
dimensional finite element model and linear dynamic analysis by
response spectra using SAP2000 [21] software. The limitations
of this type of analysis and its influence on the conclusions are
discussed later.

Since the walls are quite thick, and one of the expected
mechanisms of damage for this type of structure is the out-of-plane
movement of the earth panels, it is relevant to simulate the out-of-
plane behaviour. For this reason, the structure was modelled using
three-dimensional solid elements with eight nodes and 3 degrees
of freedom per node and dimensions of 0.20 × 0.20 × 0.20 m3.
The only exceptions were the steel cables, which were modelled
as linear pinned bars.
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Table 2
Dynamic characteristics of structure 1.

Mode Period (s) Frequency (Hz) Mass participation Accumulated mass participation
Ux Uy Uz Ux Uy Uz

1 0.188 5.31 0.07 0.23 4.3E−7 0.07 0.23 4.3E−7
2 0.173 5.77 0.85 1.16 3.5E−5 0.92 1.39 3.5E−5
3 0.165 6.06 1.44 1.09 1.7E−4 2.36 2.48 2.1E−4
4 0.164 6.11 0.63 3.58 4.3E−6 2.99 6.06 2.1E−4
5 0.156 6.41 7.80 0.51 9.5E−4 10.79 6.57 1.2E−3

19 0.077 13.07 0.18 0.23 1.8E−3 35.47 34.06 7.0E−2
20 0.073 13.79 0.12 0.96 2.0E−6 35.60 35.02 7.0E−2

199 0.017 59.64 0.01 0.00 6.5E−5 60.53 60.35 53.30
200 0.017 59.74 0.00 0.01 1.1E−3 60.53 60.37 53.30
3. Results

The results for the unreinforced structure (1) are given in more
detail. For all other structures only the most relevant differences
are highlighted, for the sake of compactness.

3.1. Unreinforced structure

The main dynamic characteristics of structure 1 are sum-
marised in Table 2.

The main features shown by the above results are as follows:
• The frequency of the first mode f1 = 5.31 Hz indicates that the

earth structures are more sensitive to earthquakes with a high
frequency content; the Portuguese code also prescribes a low-
frequency seismic action, corresponding to a far-field event of
greatermagnitude than the seismic action used for the analysis;
the far-field seismic action was not considered, because above
2 Hz spectral acceleration is always lower than for the seismic
action used in the analysis, associated with a near-field event of
moderate magnitude;

• With 20 modes the mass participation is around 35% in both
horizontal directions; since this value is low, in order to study
the influence of the number of modes in the reliability of the
results, the dynamic analyses were also performed considering
200 modes; in this case the accumulated mass participation is
slightly above 60% in the horizontal directions; this increase
is due to the existence of many modes associated with local
deformations of parts of the structure, since there is no rigid
floor; the difference to 100% is attributed not only to the fact
that not all local modes were captured, but essentially because
a significant part of the mass that is in or near the foundations;
since these nodes have little or no displacements, the associated
masses only contribute to very high frequencymodes that have
almost no influence on the seismic behaviour; this is illustrated
by the fact that if the masses of the foundation (up to the
bottom of the earth walls) were removed from the model, the
mass participation would increase to 89% in both horizontal
directions, which is an acceptably high value;

• The frequency of the 20th mode, f20 = 13.79 Hz, is on the
right-hand side descending branch of the design acceleration
response spectrum, shown in Fig. 8; this indicates that higher
modes, associated with higher frequencies, will be associated
with lower values of spectral accelerations than the firstmodes,
thus having little influence on the overall structural response;

• The mass participation of the first modes is very low, at least
compared with the usual values in buildings with rigid floors;
the first three modes are associated with local out-of-plane
deformations of the inner walls, with the largest displacement
on top of the walls; the fourth mode is the first with relevant
displacements of the exteriorwalls and is also a localmode; this
should be expected, as the inner walls are not as thick as the
exterior walls, and therefore the inner walls are more flexible
and less resistant to local deformations; Fig. 9 illustrates the
shape of the first and fourth modes.
Fig. 9. Shape of the first mode (left) and fourth mode (right) for the non-
strengthened structure.

Table 3 shows themaximumdisplacements in the points identified
in Fig. 10 (the ones with the highest stresses and displacements)
for the seismic combinations considering respectively 20 and 200
modes in the dynamic analysis of structure 1. The fact that the
displacements are the same in both analyses shows that the
modes above the 20th mode have practically no influence on the
displacements the structure must withstand. The comparison of
the results of the two dynamic analyses in terms of stresses shows
exactly the same trend, as expected. This result was also observed
for all other structures. Given the large number of degrees of
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Table 3
Greatest displacements for the seismic combination (dynamic analysis with 20
modes of vibration) of structure 1.

Node no. 1 2 3 4 5 6

Longitudinal direction (mm) 0.6 0.8 (0.8) 0.79 0.5 (0.5) 0.6 (0.6) 0.6 (0.6)
Transverse direction
(mm)

9.1 0.8 (0.8) 9.21 4.3 (4.3) 4.3 (4.3) 3.1 (3.1)

The values in brackets were obtained considering 200 modes of vibration in the
dynamic analysis.

freedom of the structure, 67 554, the analysis with 200 modes
is considerably more time-consuming than the analysis with 20
modes; therefore, and since themodes 21–200 donot influence the
relevant results, all other dynamic analysis (structures 2–5) were
performed without considering these modes.

Regarding the above results for the displacements, the main
point to be noted is that the maximum displacement of 9.2 mm is
0.3% of the height of the walls, which is an acceptable value (given
the limit of 0.5% in EC8 for inter-storey drift for a service seismic
action – half the design seismic action considered in this study –
for damage control in fragile non-structural elements).

Regarding the stresses, it is of relevance to highlight the largest
tensile stresses for the seismic combination, shown in Fig. 11. The
evaluation of maximum shear stresses is also of relevance. Note
that in the framework of dynamic modal analysis it is not possible
to obtain the principal stresses since the principal directions at
each point may be different from mode to mode. Therefore, it is
indispensable to verify shear stresses aswell, towhich large tensile
stresses in a different direction may correspond.

Fig. 11 shows that the maximum tensile stresses occur at the
top of the intersection of the inner walls with the exterior walls
(σ11 = 0.450 MPa) and at the top of the intersection of the inner
walls (σ11 = 0.254 MPa); in both cases the stresses are in the
direction of the largest dimension of the wall. These values were
determined approximately considering the average of maximum
stresses in areas (not single points) the size of one finite element
(20 cm × 20 cm × 20 cm), but are accurate enough to support
the conclusions that will be derived. In the orthogonal direction
the behaviour is similar, but the maximum stresses are slightly
lower, σ22 = 0.430 MPa and σ22 = 0.242 MPa, respectively.
In either case the maximum allowable tensile stress is largely
exceeded in several locations in the structure. Tensile stresses
above the acceptable limit also occur near the corners of walls and
windows (σ11 = 0.215 MPa), and at the base of the walls near the
Fig. 11. Greatest tensile stresses for the seismic combination.

openings in the zone of the extension of the foundation (stone).
The maximum compressive stress is not exceeded at any location.
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Table 4
Maximum tensile and shear stresses in earth elements.

Stresses on top of the
intersection of inner walls
(MPa) σ11

Stresses on top of the
intersection of inner and
exterior walls (MPa) σ11

Stresses above and in the
corners of windows and
doors (MPa)

Shear stresses near doors
and windows (MPa) τ13

Shear stresses at the corners
(MPa) τ12

Structure 1 0.254 0.450 0.215—σ11 0.102 0.092
Structure 2 0.188 0.250 0.147—σ22

0.105—σ11

0.130 0.030

Structure 3 0.188 0.250 0.149—σ22
0.105—σ11

0.140 0.040

Structure 4 0.148 0.160 0.086—σ11 0.090 0.030
Structure 5 0.135 0.160 0.098—σ11 0.060 0.040
The maximum shear stresses are τ13 = 0.102 MPa near doors and
windows and τ12 = 0.092 MPa at the corners.

The above results are enough to show that under the design
seismic action the structure would certainly suffer extensive
damage, whose consequences are difficult to evaluate in the
context of linear analysis, since the redistribution of stresses
associated with exceeding the maximum stress in some locations
and the possible spread of damage were not studied in this work.

3.2. Strengthened structures

The second and third structures exhibit similar dynamic
characteristics, the main difference from the non-strengthened
structure being increased stiffness and frequencies, due to the
stiffer stone elements at wall intersections. The accumulated mass
participation factors associated with the first 20modes falls to 27%
in both main directions. The cables included in the third model
had little influence on the stiffness. Even though the shape of the
first modes is similar to those for the unreinforced structure, the
frequencies of the first modes f1 = 7.39 Hz and f2 = 7.94 Hz of
both structures, clearly show an increase.

The introduction of the top beams in structure 4 led not
only to an increase in stiffness and frequencies but also forced
the structure to work more efficiently as a whole than in the
previous cases. This is strongly reflected in the accumulated mass
participation factors, which were 51% and 49% in each direction
for the first 20 modes, and in the mode shapes. If the mass of the
foundationwere not considered these values would be 89% in both
horizontal directions which is perfectly acceptable. Fig. 12 shows
the first and third mode shapes, which show simultaneous out-of-
planemovements of inner and outerwalls, a degree of coupling not
observed in structures 1–3. The increased stiffness compared with
the previous structures was obviously reflected in the frequencies,
which for the first modes were f1 = 9.38 Hz and f2 = 9.66 Hz. The
dynamic behaviour of structure 5 is qualitatively similar to that of
structure 4.

The maximum out-of-plane displacements for the seismic
combination are smaller in the strengthened structures. Structures
2 and 3 exhibit maximum displacements of 5.20 mm and
5.49 mm respectively, which is a reduction to slightly more
than half the displacements of the non-strengthened structure.
This shows that the introduction of stiffer stone elements was
effective at reducing out-of-plane displacements, but that the
cables connecting opposite walls were not effective at reducing
out-of-plane displacements of structures already strengthened
with stone elements at the wall intersections. The introduction of
the RC beams on top of the walls is evenmore effective at reducing
out-of-plane displacements, as the structures strengthened with
these elements exhibitedmaximumout-of-plane displacements of
2.96 mm and 2.39 mm, respectively.

As far as the stress analysis is concerned the best indicators
of damage and safety levels are the maximum tensile and shear
stresses in the earth elements. Table 4 shows the stresses induced
by the seismic combination in the strengthened structures and
also in structure 1 to facilitate the comparison. The maximum
Fig. 12. Shape of the first mode (left) and third mode (right) for structure 4.

compressive stresses in the structure are similar to the maximum
tensile stresses.

The results show that the strengthening strategies adopted are
very effective at reducing stresses in the earth elements, especially
the solution based on RC beams and columns. Even though the
maximum tensile stresses in these cases (structures 4 and 5) are
still above the acceptable limit, indicating that the structure would
suffer some damage under the design seismic action, the difference
from the acceptable values is much smaller than for the non-
strengthened structure.

Also using spectra analyses and considering material linear
behaviour, other authors, such as Blondet et al. [22] and
Parreira [23], have also concluded that the use of a reinforced
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Table 5
Maximum tensile stress for different seismic zones.

σ (MPa) Structure 1 Structure 2 Structure 3 Structure 4 Structure 5

Zone A 0.450 0.250 0.250 0.160 0.160
Zone B 0.300 0.175 0.175 0.115 0.120
Zone C 0.200 0.125 0.125 0.080 0.080
Zone D 0.120 0.085 0.080 0.050 0.050
concrete or timber beam connecting the top of the earth walls is
a very effective seismic strengthening strategy, as it makes the
construction act as a whole under horizontal forces and restricts
out-of-plane failure of the wall panels. A series of tests on earth
dwellings under horizontal forces, performed by Zegarra et al. [24]
according to strengthening strategies used in the reconstruction
of Arequipa in Peru [25], also confirmed the efficacy of reinforced
concrete beams connecting the top of the walls.

3.3. Zones with lower seismicity

The above results concern the design seismic action in the zone
of highest seismicity in Portugal, the zones closer the epicentre of
Lisbon’s great earthquake of 1755. The zones further north suffer
less seismicity, as quantified bymeans of a seismicity coefficient,α,
that multiplies the seismic action in the zone of highest seismicity,
zone A. The values of this coefficient for all zones, A–D, and the
respective peak ground accelerations are as follows:
αA = 1; αB = 0.7; αC = 0.5; αD = 0.3
ag = 0.265 m/s2 ag = 0.186 m/s2

ag = 0.133 m/s2 ag = 0.080 m/s2.
The values for the maximum tensile stress, obtained at the top

of the inner walls in the longitudinal direction at the connection
with the exterior walls for all seismic zones, are shown in Table 5.

4. Discussion

4.1. Safety verification format

The safety verification format is based on the comparison
between design-action effects and resistance in terms of stresses.
This procedure does not allow following the structure’s behaviour
all the way to rupture. Nonlinear dynamic analysis may provide
a more realistic description of the real seismic behaviour up to
rupture, yielding more reliable estimates of the ultimate seismic
capacity. But this reliability depends directly on the reliability of
the hysteretic models that describe the nonlinear cyclic behaviour
of the materials. However, the reliability of these models for
earth materials is arguable and in this situation the reliability of
nonlinear dynamic models may not be guaranteed. It should also
be noted that, even though exceeding the reference stresses may
be only an indication of cracking, due to the brittle nature of
the material localized or total collapse may be triggered shortly
after cracking, reducing the extent and relevance of nonlinear
behaviour.

Therefore given the facts that (i) the brittle nature of rammed
earth limits the extent of nonlinear behaviour, which tends
to be far below the one exhibited for instance by reinforced
concrete structures, (ii) there is a deficit of reliable input for more
sophisticated methodologies of analysis, and (iii) there is a need to
control economic damage, that implies the limitation of cracking in
the earth walls, linear elastic analysis becomes acceptable for the
purpose of designing new and strengthened structures. Besides,
even in the framework of linear analysis the difference between
the maximum stresses and the allowable values can be considered
an indicator of the extent of damage and possible collapse. In the
case of non-strengthened structures, the difference between the
maximum tensile stresses (σ = 0.450 MPa) and the allowable
values (σ = 0.130MPa) in several locations is very high and clearly
indicates that damage would be extensive, eventually leading to
collapse.

4.2. Design recommendations

The results confirm the fears that non-strengthened rammed
earth construction is not suitable in zones of moderate and
high seismicity. This is due to the large difference between the
maximumstresses, in particular tensile stresses, and the respective
acceptable values. However, the main conclusion of this work is
that it is possible to built earth constructions in high seismicity
areas with acceptable levels of seismic resistance, providing
that adequate design and strengthening rules and solutions are
observed. This conclusion allows taking advantage of this type of
material, recyclable andwith low energy demand formanufacture,
without endangering people’s lives and property.

The strengthened structures showed much lower levels of
displacements and stresses in the earth elements than the
non-strengthened structure. The inclusion of stone elements in
the intersections of walls and around openings improved the
behaviour, leading to a significant reduction of the largest out-of-
plane displacements and to considerable reductions of the highest
stresses. However, in some cases the maximum tensile stresses
are almost twice the maximum allowable tensile stress, indicating
that extensive damage may take place. The inclusion of cables
connecting parallel façades was not found to be very effective
in structures previously reinforced with stone elements at wall
intersections and openings. However, it should be noted that a
nonlinear analysis, accounting for a possible decrease in stiffness
of the walls in the longitudinal direction after tensile cracking,
would probably indicate that the cables are more effective
at counteracting these effects by restricting the out-of-plane
movement of exterior walls. Nevertheless, the results show that
the most effective reinforcement strategy is adding RC beams at
the top of all walls, and adding RC columns at all wall intersections.
By restricting the earth wall deformations and confining the earth
wall panels, the RC elements greatly reduce tensile stresses in the
earth walls, to levels only slightly above the allowable values and
below these values in the case of shear stresses. This is based
on the assumption that relative displacements do not take place
at the concrete-earth interfaces, which may need to be assured
by specific detailing. All this indicates that earth structures may
survive strong earthquakes with moderate damage if properly
designed and reinforced. Another advantage of the strengthening
with reinforced concrete elements is that if serious damage occurs,
e.g. caused by an earthquake that induces soil acceleration above
the design values, or because the material properties are worse
than expected, the RC frame (beams and columns) may continue
to sustain the roof. Therefore, it is recommended that the RC
elements are explicitly designed to withstand the weight of the
roof structure. Even though this may not be enough to control
damage in the situations previously described, it will probably
safeguard human life. To control damage in these situations, it
may be necessary to improve the earth characteristics in order
to avoid or at least contain the extent of cracking. A possible
technique for this may be to mix earth with cement (stabilization).
For instance, according to Galante [26], for a mix of earth with
5% cement, a compressive stress of 3.05 MPa would be a
plausible maximum value (an increase of 400% from earth without
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cement). This would lead to σmaxtens = 0.61 MPa (σmaxtens =

maximum tensile strength), according to Varum’s criterion. Even
though the results on earth stabilization are expected, they are
mentioned to highlight that damage can be avoided by treating
the soil, yielding a higher quality material better able to withstand
higher stresses.

Another issue that may be quite relevant in some locations,
near possible epicentres, is the influence of vertical accelerations.
Even though vertical accelerationswere considered in the analysis,
the respective peak ground accelerations, 2/3 of the horizontal
accelerations, are below 0.2g , thereby reducing the vertical
compressive stresses due to own weight, but not by too much.
However, near the epicentral regions vertical accelerations may
be much higher than this. In these conditions, the friction
resistance to shear stresses decreases and strong damage due to
horizontal shear stresses becomes much more likely. This was
one of the causes of the extensive damage observed in earth
constructions during the Bam earthquake of December 2003.
In these circumstances both types of strengthening, adding RC
elements and soil improvement, may be necessary, especially if
it is intended to limit the level of damage (associated with the
economic losses).

All the above comments refer to well-designed constructions in
high seismicity zones. As would be expected, in lower seismicity
zones well designed structures undergo less stress (as seen in
Table 5) and damage levels are lower, making it possible to
downgrade the reinforcing solutions compared with what is
proposed for high seismicity zones.

The importance of good design should be emphasized, as
assumed in the study presented. Therefore, much poorer seismic
performances should be expected for constructions where the
design criteria referred to in point 2.1 are disregarded.

5. Synopsis and conclusions

This paper is a small contribution to sustainable construction,
in this case in the shape of new constructions in which earth is the
main structural material. Following the revival of this material for
ecological reasons, constructions have been built in seismic regions
without making due provision for structural safety, a potentially
catastrophic situation given the well-proven limitations of the
material from the point of view of resistance to cyclic action-
effects.

This study shows that a compromise between ecology and
safety can be reached if earth walls are bound together by a set
of RC frames (invisible from the outside), even in strong seismicity
areas. Damage can be further controlled if the earth is stabilized
with cement or other binders, especially bearing in mind that the
mechanical properties of earth as a structural material show a very
significant scatter that was not taken into account in this study.

There are many bad examples of interventions in existing earth
constructions where reinforced concrete beams and slabs have
been added, strongly increasing the weight of these buildings
and leading to considerable damage in the event of later seismic
events. Thewidely accepted conservation principles have also been
jeopardized by some of these interventions.

What is being proposed here is something different: design
rules on new (i.e. non-historical) earth construction, without
affecting the traditional architecture features, hardly increasing its
own weight, and making a contribution to the enhancement of
buildings behaviour to seismic actions that otherwise would be
extremely unsafe to live in.
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