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Earth has been used as construction material since prehistoric times, and it is still utilized nowadays in both developed and
developing countries. Heritage conservation purposes and its intrinsic environmental benefits have led researchers to investigate
the mechanical behaviour of this material. However, while a lot of works concern with rammed earth, CEB, and adobe techniques,
very few studies are directed towards cob, which is an alternative to the more diffused rammed earth and adobe in specific
geographic conditions. Due to this lack, this paper presents an experimental program aimed at assessing the failure mode and the
main mechanical properties of cob earth walls (compressive strength, Young’s modulus, and Poisson’s ratio) through monotonic
axial compression tests. Results show that, if compared with CEB, adobe, and rammed earth, cob has the lowest compressive
strength, the lowest modulus of elasticity, and Poisson’s ratio. Differences are also found by comparing results with those obtained
for other cob techniques, underlining both the high regional variability of cob and the need of performing more research on this
topic. A strong dependence of material properties on loading rate and water content seems to exist too. Finally, the ability of
a common analytical method used for masonry structures (an FEM macromodelling with a total strain rotating crack model) to
represent the mechanical behaviour of cob walls is showed.

1. Introduction

Raw earth buildings constitute a considerable part of world
cultural heritage. Examples can be found in different re-
gions of the world, from the arid zones to the tropical and
temperate latitudes [1-5]. About 15% of UNESCO heritage
sites are built from raw earth [6], and it is estimated that
about 30-40% of the world’s population lives and works
today in earthen architecture [7], owing to their qualities
such as low cost, better thermal insulation, and use of local
material. In the Marche region (Italy), about 245 earthen
buildings are still present according to a recent census [8].
As these buildings are part of our cultural and architectural
heritage and a testimony of low-environmental impact
constructions, it is needed to preserve them from ruin and
deterioration.

Damage to earthen structures can be caused by several
environmental factors, mainly due to rainfall in combination
with other factors or abandonment state [9-13]. These
buildings are also characterized by a very low resistance
against seismic lateral forces due to the low tensile and shear
strengths of soil that in the past caused losses and casualties
[3-5, 14-18]. Then, it is important to deepen the study on
their mechanical performance, without which it is impos-
sible to provide adequate retrofit interventions [19, 20].

Earthen construction can be divided into four main
categories: compressed earth block (CEB), rammed earth,
adobe, and cob construction. While a lot of studies were
published on the mechanical behaviour of rammed earth,
CEB, and adobe [7, 21-29], very few researchers studied the
mechanical properties of cob, which constitutes a diffuse al-
ternative to rammed earth and adobe in specific geographical
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conditions [21, 30-33]. In fact, it is estimated that at least
200,000 units are constructed in EU by the cob technique, date
back to the first half of the 20th century, the 19th century, the
18th century, and even older [30].

Cob technique consists in stacking wet clods (about cy-
lindrical or ellipsoid heap) made of a mix of plastic earth often
mixed with plant fibers to build load-bearing monolithic
walls. In [30], a bibliographical analysis on cob processes is
reported, attempting to take into account their regional
variability. Concerning their mechanical behaviour, as already
stated above, only few works can be found in the literature. In
[31], the authors studied the compression and shear behav-
iour of still moist Italian cob walls (initial properties).
However, no information was provided for walls in dried
conditions. In [21], the mechanical behaviour of cob wall,
characterized by a different clod preparation than that pre-
viously used in [31], was studied through both axial com-
pression and diagonal compression tests. The authors found
a more ductile behaviour than that of rammed earth and
adobe [21]. In [33], cob walls of Pakistan were dynamically
tested by using a shaking table in order to study the efficacy of
a retrofitting solution based on vertical bamboos and hori-
zontal plastic-coated steel wire mesh layers in improving the
in-plane response of the walls. However, no information was
provided about the construction process adopted.

In this work, an experimental program aimed at assessing
the mechanical behaviour of the cob technique studied in [21],
which is similar to other techniques adopted all around the
world [30], is presented. In particular, the main mechanical
properties of cob walls in dried condition such as compressive
strength, Young’s modulus, and Poisson’s ratio, as well as the
failure mode, are investigated through monotonic axial
compression tests. In order to evaluate the effect on the results
of a slower compaction phase before reaching failure, as may
occur in real practice, the influence of the loading rate on
mechanical behaviour was also investigated.

Mechanical properties of earthen materials strongly
depend on water content too, as evidenced by the several
studies focused on this topic [31, 34-37]. In [34], the authors
showed that a slight increase in the moisture content of dry
rammed earth is not followed by a sudden drop in strength.
In [35], a strong dependence of the mechanical behaviour on
the relative humidity at which the samples were stored was
found. However, there are no studies for cob walls in this
field. Due to this, a first insight into the relationship between
water content and compressive strength and between water
content and elastic modulus is also provided in this study.

Finally, since to the authors’ knowledge, there are no
research studies that address the analytical modelling of cob
walls, the ability of an analytical method generally used for
historic masonry (FEM macromodelling approach) to rep-
resent the mechanical behaviour of cob walls under com-
pression is also investigated, that is, the smeared-crack
approach (total strain crack model) [38].

2. Materials and Methods

2.1. Soil Type. In the past, builders, thanks to their experi-
ence and to the legacy orally transmitted by previous
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builders [39-41], had a specific knowledge on how to choose
earth material for cob constructions. This knowledge is today
partially lost in West countries, but it is still possible to learn
from historic earthen buildings by means of geotechnical
analyses [13, 30].

In this study, an earthen material that showed a good
consistency with earth used in vernacular cob buildings
(Figure 1) and that was adopted in previous works on cob
[31,42] was used. This material is also similar to that adopted
in other studies on cob [13, 21]. Soil geotechnical data from
testing are reported in Table 1 and Figure 2.

2.2. Construction Process of the Cob Walls. Four cob walls
(Wall A, Wall B, Wall C, and Wall D) with average di-
mensions of 930 x 310 x 456 mm” (L x W x H) were made in
a laboratory, following a cob construction technique de-
veloped over the centuries in the area of Macerata, Italy, as
described in recent historic studies [31, 42]. Similar pro-
cedures were followed all around the world [13, 30].

The adopted process for the construction of a single cob
element can be described as follows:

(i) Fragmenting the soil into small grains.

(if) Mixing about 3kg of soil (with an initial water
content of 4.75%) and adding water until reaching
the plastic consistency necessary for its workability
(i.e., an average water content by weight of about
25-28% [31, 43]). A mechanical mixing machine
commonly used in the manufacturing of fired-clay
bricks was also used at this aim [31].

(iii) Shaping by hand by kneading until obtaining a cy-
lindrical shape (diameter from 8 to 10cm and
a length of about 30 cm) [30, 31].

(iv) Rolling and pushing the earth cylinders on a wet
straw-bed, so that the straw fibers, about 5-10 cm
long, are present and adhere only on their external
surface (Figure 3). In this way, substantially no straw
fibers penetrate internally to the core of the cob
element. This is consistent to what actually found in
the vernacular cob wall buildings investigated in
[31, 42] (Figure 1).

The water content of the cob elements at the end of the
process was about 26.5%.

Cob walls were built by laying and pressing cob ele-
ments while they were still in a plastic state, with the
longest side along the wall thickness and proceeding with
staggered joints in successive layers (Figure 3). In this way,
a layer of straw fibers separated each cob element from the
others [42].

The dry density p4 of cob elements was estimated from
intact specimens sampled according to [44]. An average
pa equal to 1.860 g/cm® was found, which is slightly higher
than those found in the literature, which ranged from
1.400 g/cm’ to 1.700 g/cm® [13, 21]. The walls were cured
before testing for about two years at room relative humidity
and temperature of the laboratory. The drying process was
initially regulated by covering the walls with plastic sheets in
order to limit the effect of shrinkage.
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FIGURE 1: (a) Typical raw earth cob architecture at the “Villa Ficana” district of Macerata, Italy; (b) cob elements constituting an existing wall.

TaBLE 1: Geotechnical characterization of the soil used in this
study.

Soil used in this study

Gravel (>4.750 mm) (%) 0
Sand (0.075-4.750 mm) (%) 13.5
Silt (0.002-0.075 mm) (%) 50.5
Clay (<0.002 mm) (%) 36
Liquid limit (%) 42
Plastic limit (%) 21
Plastic index (%) 21
Water natural content (%) 22
USCS classification (%) CL
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FIGURE 2: Grain size distribution of the adopted soil.

Since after the drying period the upper horizontal surfaces
of the samples were not perfectly plane, mainly due to the
presence of asperities, for each specimen, a rectification of the
upper surface was obtained by filling asperities and voids with
the plastic earthen material. Then, three loading-unloading
cycles of about 5kN of compression (i.e., about 0.03 MPa)
were applied to ensure that the upper side of the sample was in
contact with the plateau of the press, as also made in [34]. The
applied loads were also useful to increase compaction in order
to avoiding the occurrence of rigid dislocations of the ele-
ments in the early stages of the tests [43].

2.3. Axial Compression Test. The axial compression test
consisted on applying a uniform distribution of vertical
compression stresses on the upper horizontal side of the
walls, that is, along the direction they generally withstood

static loads. The tests were performed under force control
with the test apparatus shown in Figure 4. In particular, two
horizontal steel plates, adequately sprinkled with fat to re-
duce friction, were placed on the upper and lower sides of
the specimens. The loading rate was defined in such a way to
reach failure after about 15-20 min, as made in [21] (about
0.077 MPa/min). Moreover, in order to investigate the in-
fluence of the loading rate on the results, one specimen (Wall
A) was tested by applying load at about one-third of the
previous loading rate (about 0.025MPa/min), in order to
reach failure after about 50 min.

Four linear variable differential transducers (LVDTs) were
used to monitor the vertical and horizontal deformations.
Two horizontal LVDTs were placed on each specimen side
while two vertical LVDTs were placed upon the steel plate, as
depicted in Figure 4. The vertical/horizontal compression
strains were then computed by averaging the measurements
of the two vertical/horizontal LVDTs.

Finally, since mechanical properties of earthen materials
strongly depend on water content [31, 34-37], the external
and internal water contents of each wall (w; and w., resp.)
were calculated after testing according to [45] as mean of
three values and then put in relation with the obtained
compressive strengths f. and the elastic modulus E. At this
aim, six specimens were extracted for each tested wall, three
from its external side and three from its core.

2.4. Numerical Modelling. The numerical modelling was
carried out by using the FEM software MIDAS FEA [46]
following a smeared-crack macromodelling approach in
which the wall is treated as an homogeneous continuum
medium. Despite the fact that cob walls could exhibit an
anisotropic behaviour, an isotropic behaviour is here as-
sumed due to the good consistency between numerical and
experimental results, as it is usually done for other materials
such as rammed earth [23] or masonry [47-49] that could
exhibit anisotropic behaviour. In particular, the potentiality
of the smeared-crack macromodelling approach to accu-
rately simulate the mechanical behaviour of a rammed earth
wall and to detect potential zones of failure by delamination
has been recently shown in [23].

A 2D numerical model was created by using the av-
eraged dimensions of the tested specimens, namely,
930 x 310 x 460 mm® (W x T x H). The 2D analysis represents
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FIGURE 3: Single cob element (a) and cob walls (b).
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FIGURE 4: Test apparatus and LVDT placement for each specimen side (measures in millimeters).

a valid assumption given the geometry of the walls and the
in-plane loading applied. A plane stress state was also
assumed in order to reduce complexity and computer
processing demand. Optimal mesh size was estimated
through preliminary analyses. As a result, the adopted finite
element mesh was constituted by 666 quadrilateral ele-
ments. A perfect confinement on the upper and lower
surfaces was assumed as boundary conditions, as well as
showed from compression test results. The load was applied
as uniformly distributed vertical stresses on the upper
edges of the constrained elements at the top of the model. A
phased analysis was performed in order to consider the
self-weight of the material.

For modelling the postelastic behaviour of the cob walls,
an approach typically adopted for masonry materials was
followed: crack opening was simulated through a total strain
rotating crack model (TSRCM) that correspond to the
modelling of distributed and rotating cracks based on total
strain in which orthogonal cracks may develop in each
integration point and the crack direction rotates with the
principal strain axes [46]. In this way, although the interfaces

between cob walls are not explicitly modelled, the localized
cracking phenomenon is simulated in a disseminated way
through the smeared-crack approach. A low tensile strength
is assumed in order to simulate the low tensile strength of the
interfaces. Several nonlinear stress-strain relationships can
be used in this case according to the type of stress involved,
that is, compression and tension. In this study, a parabolic
relationship in compression and an exponential relationship
in tension were initially adopted, as also made in [49] for the
modelling of masonry and in [23] for the modelling of
rammed earth (Figure 5).

In particular, the values of compressive strength (f.),
Young’s modulus (E), and Poisson’s ratio (v) were obtained
by averaging the results of the axial compression tests.
Concerning Young’s modulus, the progressive disappear-
ance of voids, which results in a continuous variation during
the test of the axial stiffness E, was taken into account in the
model by using an averaged Young’s modulus, represen-
tative of the first part of the curve during which voids
disappear. In particular, this value was obtained by linear
fitting the experimental load-displacement curves.
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FIGURE 5: Stress-strain relationships adopted for the total strain rotating crack model: (a) compression; (b) tension.

The initial values of the compressive fracture energy (G.)
and the tensile strength (f;) were estimated as 1.6 f. and 0.1 f,
respectively, as recommended for historical masonry and as
also made in [23] for the numerical modelling of rammed earth.
As made in [23] for rammed earth, the mode-I tensile fracture
energy Gy, instead, was set equal to 0.27 £, which is about 10
times than that usually assumed for masonry. This is due to the
fact that, in the literature, cob walls and rammed earth walls
seem to behave more as a monolithic material than historic
masonry does, especially under compression stresses [23].

Finally, in order to make the results of the numerical
analysis independent from the size of the finite element
mesh, the crack band width (k) was assumed dependent on
the area of the finite elements (A), that is, # = V/A. A secant
approach was used to simulate the unloading and reloading
of the total strain rotating crack model.

3. Results and Discussion

3.1. Cob Wall Behaviour under Compression. Tests results of
Walls B, C, and D are shown in Figures 6-8. In particular,
the three experimental stress-strain curves (Figure 6) are
very similar, highlighting the representativeness of the re-
sults. In the stress-strain curves, also the post-peak behav-
iour was reported (dotted lines in Figure 6), denoting a slight
softening phase after reaching the compressive strength.
However, since tests were carried out under force control,
these experimental data cannot be considered as completely
reliable. For this reason, this work was focused on the an-
alyses of the pre-peak behaviour only.

On each experimental curve, three phases can be easily
distinguished.

The first phase ends when the first capillary cracks were
noticed, that is, at about 0.13 MPa or 1% of vertical strain ey
(Figure 6). No notable horizontal deformations ey were
recorded during this phase, probably due to the vertical
compaction (i.e., filling of macrovoids) of the walls (Figure 7).
This is a particular characteristic for the construction tech-
nique adopted since it means that, even after a manual
compaction of the wall during the construction process and
after the three precompression loading cycles of 0.03 MPa,
some macrovoids between cob elements are still present and
can be filled only with higher compression levels.

The elastic moduli and Poisson’s ratio related to this phase
(Eo and v, resp.) were computed by linear fitting the axial
stress-strain curves (Figure 6) and the horizontal-vertical
strain curves (Figure 7), respectively. The obtained values
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FIGURE 6: Compressive stress-strain diagrams for tested specimens.
On each curve, the point related to the formation of the first
capillary cracks and those related to the formation of diffuse cracks
are reported. The vertical compression strains are computed by
averaging the vertical displacements measured by the two vertical
LVDTs. Post-peak behaviour (dotted lines) cannot be considered as
completely reliable since test was force controlled.

are reported in Table 2 along with the related coefficient of
variation (CV) and coefficient of regression (R?). These latter
are both useful to define the level of reliability of the obtained
values.

In particular, the E, values are quite clustered
(CV =8.93%) but, due to the particular shape of the curve,
the linear approximation does not seem particularly reliable
(R*=0.70-0.86). This is also evidenced by the very low
values of R* (0.00-0.15) obtained for »,.

A first consideration can be drawn from this phase. In
fact, since the compression stress coming from a single-
storey earthen building is about 0.1 MPa [50], then, cob walls
studied in this work are able to withstand common operating
loads before cracking occurs.

The second phase is characterized by capillary cracks
(the wall starts to be loaded as a whole, generating them),
by the occurrence of the first notable horizontal strains ey
(Figure 7) and by an upward concavity of the stress-strain
curve (Figure 6).

Horizontal strains were due to the flattening of some cob
elements and from the rigid dislocations of some others. This
latter is caused by the mutual thrusts of elements under
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FIGUre 7: Horizontal strain-vertical strain diagrams for tested
walls. On each curve, the point related to the formation of the first
capillary cracks and those related to the formation of diffuse cracks
are reported. The vertical and horizontal compression strains are
computed by averaging the displacements measured by the two
vertical and horizontal LVDTs, respectively. Post-peak behaviour
(dotted lines) cannot be considered as completely reliable since test
was force controlled.

FiGure 8: (a) Initial state and (b) typical crack pattern after the
reaching of compressive strength. The flattening of a single cob
element is also highlighted. Yellow lines: cracking; white line: un-
deformed shape of the cob element before testing; green line: de-
formed shape of the cob element after testing; blue dotted line: cob
wall in undeformed shape.

compressive vertical stresses. In Figure 8, the deformation of
a cob element during the test is highlighted.

The upward concavity of the stress-strain curve is caused
by the gradual compaction of the cob elements which in-
creases the global stiffness of the wall.

This phase ends when diffuse cracks started to be visible
due to the reaching of the compressive strength in some cob
elements, that is, at about 0.70 MPa and 4% of &, (Figure 6).
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TaBLE 2: For each specimen, elastic moduli and Poisson’s ratio of
the first and second phases, that is, Eg, v and E,, v, along with
related mean values, coefficient of variation (CV), and range of
coeflicients of regression (RY.

Sample ID E, (MPa) Vo (=) E, (MPa) v (=)
Wall B 16.17 0.05 16.56 0.15
Wall C 14.68 0.03 16.42 0.38
Wall D 17.56 0.00 17.75 0.10
Mean value 16.14 0.03 16.91 0.21
CV (%) 8.93 94.37 4.32 37.52
Rrange 0.70-0.86  0.00-0.15  0.95-0.99  0.95-0.99

The elastic moduli and Poisson’s ratios of the second
phase (E; and vy, resp.) are reported in Table 2 along with the
related CV and R In this case, the linear approximation
seems more reliable for both E; and v; (R*=0.95-0.99) than
in the previous phase. However, while E; values are very
clustered (CV =4.32%), more scattered values were obtained
for v; (CV =37.52%) as also evidenced in Figure 7. This is
probably due to the random arrangement of the cob elements,
which characterizes this construction technique and that lead
to a different interlocking of the elements themselves.

The third phase is characterized by a strong nonlinear
behaviour that ends with the reaching of the compressive
strength f. (about 1.12MPa). After this, all the wallettes
exhibited a brittle failure in a short time, and their failure is
caused by the rigid dislocation of the external cob elements.
Typical cone-shaped cracking pattern at the least on one side
of the specimen (Figure 8) can be seen, whose extension
depends on the friction generated between the steel plates
and the specimen. As mentioned above, this is caused by the
absence of horizontal joints and by the roundish shape of the
cob elements. These factors, together, generate horizontal
thrusts between each element inside the walls that pushed
outwards the external elements once they exceeded the
cohesion and friction forces developed at the interfaces
between them. Due to the presence of the straw layer be-
tween cob elements, these surfaces constitute preferential
fracture lines (Figure 8), where cohesion and friction forces
are generally lower than those characterizing the earthen
material.

3.2. Mechanical Parameters. Table 3 summarizes the single
values, the mean values, and the scattering of the main
mechanical properties obtained from compression tests.

Concerning the elastic parameters, our aim is to obtain E
and v values able to approximate in a simple manner the
complex upward concave behaviour of the wall and that can
be used in simple numerical modelling. At this aim, a correct
definition of the elastic domain within which computing
elastic moduli and Poisson’s ratios is of fundamental
importance.

In the literature, the elastic domain generally ranges
between 0 and the stress value corresponding to a secant
elastic modulus decrease of 20% than the initial modulus
[51]. For concrete, for example, the modulus is the secant
one measured between 0 and 0.4f, [51]. For earthen materials
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TasLE 3: For each specimen, compressive strength f. and related strain e, elastic moduli and Poisson’s ratio computed at 0.6 and 1/3f; (Eq1,
vo1 and E, 3, 13, resp.), and mean internal and external water contents (w; and w., resp.) are reported. The compression stresses related to
the formation of the first capillary cracks (o7, end of the first phase) and those related to the formation of diffuse cracks (o5, end of the second
phase) are also reported (Figure 6).

Sample 1D o, (MPa) 0, (MPa) fc (MPa) g (%) Ey (MPa) E,;; (MPa) vor () Vi3 (=) w; (%) w. (%)
Wall B 0.17 0.69 1.05 7.85 16.56 15.51 0.09 0.06 3.94 4.26
Wall C 0.16 0.68 1.17 7.14 17.72 15.51 0.21 0.13 5.03 4.54
Wall D 0.11 0.73 1.13 7.89 16.43 15.08 0.06 0.03 3.27 3.83
Mean value 0.15 0.70 1.12 7.63 16.90 15.37 0.12 0.07 4.08 4.21
CV (%) 21.92 3.28 5.47 5.53 4.20 1.62 66.14 69.98 21.77 8.49
Rzrange — — — — 0.97-0.99 0.97-0.99 0.93-0.94 0.57-0.81 — —

including cob walls, the secant modulus was computed
between 0.05 and 0.3f. in [21]. In [34], a range between 0 and
0.2f. was considered for rammed earth.

In our work, a decrease of 20% of the elastic modulus is
hardly identifiable due to the particular shape of the curve
(Figure 6). Then, two assumptions were made: the elastic
moduli (Ey;) and Poisson’s ratios (vy;) are computed be-
tween 0 and 0.6f, that is, just before diffuse cracks occur; the
elastic moduli (E;;3) and Poisson’s ratios (v;,3) are computed
between 0 and 1/3f.. As previously discussed, in both cases,
a linear fitting of the axial stress-strain curves (Figure 6) and
the horizontal-vertical strain curves (Figure 7) is performed
to compute elastic moduli and Poisson’s ratios, respectively.

For each assumption, in Table 3, the coefficient of
variations CV and the ranges of the coefficients of regression
R? are also reported, useful to provide an estimate of the
reliability of the computed values.

Both the computed elastic moduli, that is, Ey; and Ey3,
present a very low scattering (<5%) and high R* (>0.95),
which highlights the reliability of the experimental results
and of the linear approximation of the stress-strain re-
lationship in this case.

Concerning Poisson’s ratios, as expected a higher scat-
tering was found. As discussed above, this is due to the
construction technique adopted that, due to the random
arrangement of the cob elements, leads to different inter-
locking between the cob elements, and different internal
thrusts, for each wall tested under compression.

Since among the two ratios vo; and vy,3, the best linear
fitting was obtained for vy (R*=0.93-0.94), the elastic
parameters Eqy; and vy, were then considered as those that
better represent the elastic behaviour of the walls for the
numerical simulations.

In the following, the obtained results are compared with
those reported in the literature for cob walls. At this point, it
should be noted that a direct comparison with other results
should carefully consider the different types of soil used.

However, some aspects of the mechanical behaviour are
strictly related to the construction techniques adopted. Then,
a meaningful comparison is still possible as long as these
aspects are concerned.

In [21], even if a similar soil was adopted for cob walls,
elastic moduli of tested cob walls present higher mean value
and CV, 651 MPa and 68%, respectively, than those obtained
in this study. Poisson’s ratio was equal to 0.15 with a CV of
26%, which is quite similar to that obtained in our study

(about 0.12 but with a higher CV). Concerning the com-
pressive strength, similar values are obtained in other works
[21] confirming that cob walls have the lowest compressive
strength between earthen construction techniques. In par-
ticular, in [21], less scattered and slightly a higher mean value
of f. were obtained (CV =1.9% and 1.59 MPa). Clearly, the
compressive strength measured in this study could be partially
affected by the aspect ratio (H/L) of the tested walls (about
0.5). In fact, it is known that a specimen characterized by a low
aspect ratio generally provides higher results in terms of
compressive strength than a slenderer one, due to the con-
finement effect caused by the friction between steel plates and
the specimen. However, similar aspect ratios were used in the
literature for earthen walls tested under compression [25, 31].

These differences, and in particular those related to the
elastic parameters, which are the most relevant, can be at-
tributable to the different preparation processes of cob el-
ements. In fact, differently from what we did in our study, in
[21], fibers were added within the kneading used for pre-
paring cob elements, and no preferential fracture lines, such
as those obtained in our study (straw layers between ele-
ments), can be distinguished in the wall. This had probably
led to a more monolithic and stiffer behaviour than that
obtained in our study.

Finally, concerning with the vertical strains corre-
sponding to the compressive strength, &g, a mean value of
7.63% was obtained which is higher than that obtained for
rammed earth and adobe for which maximum ultimate
vertical strain of 1% is usually obtained [21, 34].

3.3. Dependence of Mechanical Parameters on Loading Rate.
Then, a fourth specimen (Wall A) was tested by applying
a lower loading rate (0.025 MPa/min). Results in terms of
compressive stress-strain diagrams and horizontal strain-
vertical strain diagrams are reported in Figures 9 and 10
(Wall A-1) and compared to those obtained from the other
walls.

Besides, in order to evaluate the residual compressive
capacity after failure, an additional load (with the same
loading rate) was applied to the same cracked wall. In fact,
despite cracked, the wall was still intact after the first loading
and might have a further resistance. In this case, the results
are marked as Wall A-2 and reported in Figures 9 and 10.

The two stress-strain curves (Figure 9) are characterized
by the same shape obtained for the other walls. Even the
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failure mechanism is the same observed for the other
specimens, that is, the typical cone-shaped cracking pattern
due to the rigid dislocations of cob elements seen in Figure 8.
This means that these qualitative characteristics on the
mechanical behaviour of cob walls under compression de-
pend neither on the loading rate (Wall A-1) nor on the initial
precompression of the specimen (Wall A-2).

The values of the mechanical parameters of Wall A-1 and
Wall A-2 are reported in Table 4, along with the mean values
obtained from the other tests where the effect of the different
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loading rate is highlighted. In particular, for Wall A-1,
a higher elastic modulus Ey; and a higher compressive
strength f. were obtained (1.4 and 1.2 times higher, resp.,
than the mean values previously obtained). This can be
explained as follows. During loading, cob elements pass
from a roundish shape to a more flattened one. Due to the
lower loading rate, a better filling of voids is obtained
before failure. As a result, on one hand, more friction
between the external surfaces of the elements may be
generated, which contrasts rigid dislocations and, conse-
quently, increase global stiffness. On the other hand, due to
the more flattened shape, a better distribution of the
vertical compression stresses is provided between elements,
lowering internal thrusts and delaying failure to higher f.
Poisson’s ratio (vg;) seemed not particularly affected by the
loading rate. The obtained value is in fact within the range
of the scattered values obtained for the previous walls
(Table 3).

The previous considerations were confirmed after the
second loading, where the elastic modulus Ey; obtained after
the second loading (Wall A-2) was 1.45 times higher than the
Ey, obtained after the first loading. As expected, however,
a decrease of the compressive strength is observed due to the
loss of the cohesive bonds between elements in the previous
phase.

3.4. Dependence of Mechanical Parameters on Moisture
Content. The internal and external water contents (w; and
w,, resp.) were measured (Table 3) and put in relation with
both compressive strengths f. (Figure 11) and elastic moduli
Eq (Figure 12). In order to make a useful correlation, also
the data collected in [31], related to still moist cob walls built
with the same cob technique and the same soil type used in
our study, have been reported in Figures 11 and 12. It should
be noted that the cob walls tested in [31] are a little smaller
than those tested in our study.

For each mechanical parameter, two different linear
fitting curves were obtained, one for the external and one for
the internal water contents. It should be noted that while the
mechanical parameters are related to the entire section of the
specimen, the water content is a local measure highly var-
iable through the section for several days after the con-
struction of an earthen wall (drying phase). Then, two
different relationships were obtained due to the different
values obtained for internal and external water contents in
the drying phase. According to the literature [30], a maxi-
mum manufacture water content by weight of 25-30% is
generally used for cob mixture around the world. Then, the
adoption of linear fitting curves, which provide reasonable
values of compressive strength and elastic modulus in the
selected range of water content between about 0 and 25%,
seems justified.

As expected, in any case, lower moisture levels corre-
spond to higher compressive strengths and higher elastic
moduli. For each mechanical parameter, the relationships
related to internal water content (the blue ones in Figures 11
and 12) seem the most reliable to provide a first rough
estimate of f. and Ey, values due to the higher values of R%.
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TasLE 4: Comparison between mechanical parameters obtained for Wall A tested at 0.025 MPa/min and mean values obtained from other

specimens (0.077 MPa/min).

0, (MPa) 0y (MPa)  f. (MPa) e (%) Eq (MPa) Ey/3 (MPa) Yo (=) Y113 (5) w; (%) we (%)

Mean BCD 0.15 0.70 1.12 7.63 16.90 15.37 0.12 0.07 4.08 421

Wall A-1 0.06 0.68 1.35 4.83 23.73 21.47 0.09 0.06 411 3.43

Wall A-2 — — 0.74 1.66 34.68 30.21 — — 411 3.43
15 This result is particularly important since it means that
~ 00 it is possible to obtain a first rough assessment of the
g % compressive strength and elastic modulus of cob earthen
2 1 ® buildings by using the external earthen material, that is,

5 without invasive operations.
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FiGure 11: Dependence of compressive strength on internal and
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This is mainly because the internal water content is more
representative of the actual mechanical behaviour of the
wall, especially during the drying phase. However, some
more tests should be performed in order to obtain a higher
level of reliability, even for other soil types [34].

After two years of drying, external and internal water
contents have very similar values, ranging between 3 and 5%.
This range can be considered as a typical range for both
internal and external water contents of dried cob walls
[30, 50]. Due to this, no meaningful differences between
internal and external water contents were found in dried
samples. Then, both could be used to provide a first estimate
of the compressive strength and elastic modulus of dried
samples from the blue relationships in Figures 11 and 12.

rameters requested by the total strain rotating crack model
(TSRCM) are reported in Table 5. In particular, the elastic
parameters and the compression strength are computed by
averaging the experimental values obtained from testing
Walls B, C, and D.

The analytical stress-strain relationships obtained from
these preliminary analyses are reported in Figure 13 along
with the experimental curves.

The TSRCM model provides a good approximation of
the experimental curve both in terms of stiffness and
strength (Figure 13). This means that both the experimental
values adopted as input for the numerical analysis and the
shape of the constitutive laws are sufficient to represent with
good approximation the cob behaviour under compression,
at least for the pre-peak behaviour. However, it should be
noted that if a more complex stress-strain curve has to be
modelled, such as the experimental one obtained for the
Wall A (Figure 9), a multilinear stress-strain relationship
(with upward concavity) in compression should be adopted
in order to adjust the pre-peak behaviour in terms of
deformability.

The cracking pattern obtained from the model was also
analyzed and compared with experimental ones (Figure 8).
In particular, since a force-controlled analysis does not
provide post-peak results, a displacement-controlled anal-
ysis was performed. At this aim, uniformly distributed
vertical displacements were applied to the constrained nodes
at the top of the model. Figure 14 presents the principal
tensile strains and the plasticity status obtained for a vertical
displacement ¢, of about 8%, that is, right after the com-
pressive strength.

In the model, the higher tensile strains are concentrated
in the lateral parts, due to the development of the typical
cone-shaped damage pattern (Figure 14). This pattern
corresponds to the system of cracks observed during the tests
(Figure 8).

The model is then able to detect the zones that are more
vulnerable to the occurrence of lateral rigid dislocations
caused by the internal horizontal thrusts. However, as ex-
pected, the model does not catch the experimental rigid
dislocation between cob elements due to the absence of
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TaBLE 5: Initial values for the mechanical parameters requested by the TSRCM.

Ey (MPa) Vo1 () f. (MPa) G, (N/mm) fi (MPa) G} (N/mm)
17.67 0.12 1.12 1.79 0.11 0.03
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interface elements. In this case, a micromodelling approach 14
should be used. —
12
o . . 10 .
3.5.2. Models Sensitivity on Poisson’s Ratio. Among the o
different mechanical parameters obtained from experi- gos8
mental tests, Poisson’s ratio presents the highest scattering S 06
and thence the highest uncertainty (Table 3). In order to '
evaluate the influence of this uncertainty on the numerical ‘éﬂ 04
results, a sensitivity analysis of the model was then per- S 02
formed. At this aim, three values of Poisson’s ratio were 00

considered: a reference value 7,=0.12, an upper value
Vapp = 0.24, and a lower value 4, = 0.06.

The results are reported in Figure 15 in terms of stress-
strain diagrams where it can be noticed that the first linear
part of the curve is not affected by the variation of the
Poisson’s ratio. Conversely, a higher influence of Poisson’s
ratio was found on the nonlinear part. In particular, the
compressive strength and the related vertical strain &g are
inversely proportional to v. However, the initial reference
value 7, (i.e., that obtained experimentally) provided the
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FiGure 15: Influence of Poisson’s ratio on the numerical results.

best results. Then, it can be assumed as a first reccommended
value. However, further tests should be performed to vali-
date this assumption in a statistical way.
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4. Conclusion

This paper deals with the experimental characterization
and numerical simulation of cob walls under axial com-
pression. In the first part, the axial compression test
allowed characterizing important mechanical parameters
such as compressive strength, elastic modulus, and Pois-
son’s ratio. In order to do this, the elastic domain within
which computing the elastic parameters was first estimated,
that is, between 0 and 0.6f. (just before diffuse cracks occur)
for which a very good linear fitting was obtained. Then,
a comparison between mechanical parameters and values
from the literature was made. In particular, if compared
with CEB, adobe, and rammed earth walls, the tested cob
walls have the lowest compressive strength, modulus of
elasticity, and Poisson’s ratio. Even if compared with other
cob techniques, in which the absence of discontinuities
between cob elements led to a more monolithic behaviour
[21], the cob walls studied in this work showed the lower
mechanical properties, especially in terms of the stiffness
values. Then, the high regional variability of cob techniques
stressed in [30] was evidenced in terms of mechanical
response, and the need of performing more tests on dif-
ferent techniques underlined.

Also the failure mode in compression was investigated. It
occurred in a short time after reaching the compressive
strength and was caused by the rigid dislocation of the
external elements. Typical cone-shaped cracking pattern at
least on one side of the specimen can be observed, whose
extension depends on the friction generated between the
steel plates and the specimen.

The influence of the loading rate on mechanical be-
haviour was also investigated in order to evaluate the effect
on the results of a slower compaction phase before reaching
failure, as may occur in real practice. In particular, by ap-
plying a lower loading rate, higher stiffness and higher
strength values were obtained. This was probably due to the
slower compaction that generates a higher flattening of the
elements that, in turn, led to a higher increase of friction
forces at the interfaces (due to a better filling of voids) and to
a higher decrease of the internal horizontal thrusts (due to
the better distribution of the vertical compression stresses)
delaying the failure. Further studies should be carried out to
deepen this aspect.

This is however consistent with the usual construction of
cob walls in the past. After having built a wall with a height of
0.50-0.70 m, the successive layers of the cob were piled only
after a drying period of some days [31, 42]. This permitted
a slow compaction of the wall.

Useful linear relationships between internal/external
water contents and compressive strength/elastic moduli
were also provided. As expected, a higher correlation be-
tween internal water content and mechanical parameters
was found. However, since in dry walls external and internal
water contents are very similar, the external water content
could be used to provide a first rough estimate of the me-
chanical parameters through the obtained relationships. In
order to obtain a more precise estimate, however, further
studies should be carried out even in this case.
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In the second part of the paper, the ability of a common
analytical approach to represent the observed nonlinear
behaviour was investigated. In particular, the tested cob
walls were modelled by considering a FEM macromodelling
approach and a total strain rotating crack model (TSRCM).
The experimental results were used as input parameters for
the models while a sensitivity analysis on the most uncertain
parameters (Poisson’s ratio) was performed.

The numerical analysis provided good results both in
terms of stress-strain curve and cracking pattern, at least for
the pre-peak behaviour (towards our interest is oriented). In
particular, the experimentally obtained values adopted for
the requested mechanical parameters were sufficient to
obtain a good representation of the experiment mechanical
behaviour of the wall under compression and a model
calibration were not needed.

The sensitivity analysis showed a high sensitivity of all
the models on Poisson’s ratio. This means that this pa-
rameter should be accurately estimated from experimental
tests. From this study, a recommended value of 0.12, that is,
that obtained experimentally and that provided the best
simulation results, was suggested.

Finally, further tests should be performed to evaluate
with more accuracy the parameters in tension and in shear.
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