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ARTICLE INFO ABSTRACT
Keywords: Although it has good compressive behavior, adobe masonry is classified as a quasi-brittle material mainly
Adobe masonry due to its relative low tensile strength and softening behavior after the peak tensile strength. The behavior,

Numerical simulation
Total strain crack model
Experimental calibration

plus the high variability in the adobe mechanical properties, makes it difficult to evaluate the performance of
entire adobe buildings. For such a purpose, the development of reliable and computationally efficient numerical
approaches is required. This work shows a numerical methodology to calibrate the main mechanical parameters
to be used in the numerical modeling of adobe samples following the finite element method (FEM) by using
the Total-Strain Crack model. The present paper shows that this numerical model is able to represent the
nonlinear behavior of the adobe masonry. The calibration process is based on preliminary experimental tests
performed on masonry prisms (piles and wallets) subjected to axial compressive and diagonal compression
loads, respectively. The main results show that it is possible to model adobe masonry in practice. A consistent
reproduction of the cracking pattern from experimental tests is obtained. By using the calibrated properties,
this work may be extended to evaluate the seismic vulnerability of complete adobe structures.

1. Introduction more a commonly used building material [5,6]. Moreover, in high-

income countries, where concern about the environmental impact of

Earth is one of the most elementary and widely used building mate-
rial along history and all around the world. Its extensive use persists
today only in low-income areas where its low-cost and availability
make it the best choice for domestic dwelling [1]. In high-income
rates areas of the world, earth has been progressively substituted by
more resistant and structurally efficient materials, mainly reinforced
concrete, steel and confined masonry using fired clay or concrete bricks.
However, from a historical perspective, this phenomenon has been a
very recent and fast change. In these regions, traditional knowledge
about earthen construction has almost been lost within just a couple
of generations. As a consequence of this rapid change as part of the
current modern technological development period, earthen construc-
tion fell outside the interest of the global technical and scientific
community. As a result, no modern and rigorous codes of practice nor
standards have been developed for this material [2—4].

However, as a matter of fact, on the one hand, earth is still be-
ing used as the main building material for a high portion of world
population and, on the other hand, there is a vast amount of earthen
cultural heritage to be conserved in areas where earth is not any
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the construction activity is gaining relevance, the use of natural and
environmentally friendly materials is attracting attention of politics,
technicians and society [7,8]. For these reasons, the scientific study of
earth as building material is necessary to provide a safe and reliable
framework for its use and conservation.

Among the different traditional building techniques based on the
use of raw earth, adobe masonry is one of the most well-known and
widespread around the world. Adobe bricks are made from a mixture
of soil, water and vegetable fibers. The adobe masonry walls are built
by using fresh mud mortar to glue the adobe bricks. As a result, because
of the use of similar material for the bricks and for the mortar, adobe
masonry may be considered a uniform and homogeneous material, in
contrast with other types of masonry that use materials with different
properties for the bricks (stone, concrete, fired clay bricks) and for the
mortar (modern cement-based or traditional lime-based mortars). Thus,
the assumption of a homogeneous macro-model behavior for adobe
masonry is a practical and reasonable approach [9,10], specially when
dealing with large size structures.
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Adobe masonry is mainly used in small to medium size buildings. A
vast amount of examples and construction types can be found around
the 5 continents. In Spain, adobe has been extensively used for rural
houses until the middle of the 20th century [11-13]. Nowadays, many
adobe houses still exist in many villages, though most of the population
(even in those villages and specially the youngest people) are not aware
of the existence of this building material. Thus, repair and conservation
of these constructions is difficult to be properly and safely addressed
without specific and reliable technical knowledge.

Modern scientific research about adobe masonry is mainly dedicated
to the experimental mechanical characterization of adobe bricks and
masonry [14,15]. Proposals for the use of natural and synthetic re-
inforcements to enhance the mechanical performance of the masonry
have also been experimentally explored. The experimental analysis has
mainly consisted of compression, shear and diagonal compression tests
of adobe walls. From these tests, mechanical properties such as com-
pressive strength, compressive and shear stiffness, and tensile strength
can be estimated. Unfortunately, most of the experimental research
works have addressed specific tests of specimens built with specific
adobes. As a result, and because of the scattering of the estimated
values for the different properties for different adobe types, a complete
mechanical model based on experimental results cannot be developed
for any of the tested masonries.

As for any building material, besides the required experimental
knowledge to estimate expected values of the mechanical properties, it
is necessary to develop numerical models that can be eventually used
in practice for the structural design of new constructions, as well as
to predict the response and design strategies for the conservation of
existing constructions. However, there is little literature regarding the
numerical modeling applied to adobe masonry [14-21], in compari-
son not only to other common building materials such as reinforced
concrete, but also to other traditional ones such as stone masonry, for
instance. One of the reasons for the little work developed up to now is
the lack of reliable reference data of material properties for modeling
adobe in the inelastic range.

Although the mud mortar and the adobe bricks are frequently made
from the same soil, the bricks’ geometrical arrangement makes the
composite anisotropic. Then, the assumption of having an isotropic
and homogeneous material simplifies studying the composite’s numer-
ical structural behavior. Like many other quasi-brittle materials, the
adobe masonry may have a different modulus of elasticity in its three
perpendicular directions. However, in this work, the adobe masonry
is assumed to be homogeneous and isotropic, with the same Young
modulus in tension and compression [16,19,21]. This is a clearly a
limitation of the proposed numerical approach. Still, after calibrat-
ing the mechanical parameters and proposing one single constitutive
law (compression-tension), the numerical predictions can be useful
in practice for the analysis of stress and strain fields and cracking
patterns [22].

According to [21], the numerical modeling of adobe structures
can be done with the Finite Element Method (FEM), the Distinct
Element Method (DEM) or the equivalent frame model. Within the
FEM, there exist three approaches for modeling unreinforced masonry
in general [23]: detailed numerical modeling, simplified numerical
modeling, and macro modeling. In all of them, it is important to
calibrate properly the material properties of each masonry component,
with special attention to the non-linear part of the constitutive laws.
This is a critical issue for the adobe material, since it breaks suddenly
and the inelastic behavior, especially in tension, controls the crack
propagation and stress re-distribution. Examples of modeling adobe ma-
sonry following the simplified micro-modeling approach can be found
in [16-18]. Applications of the macro-modeling have been developed
in [9,10,19]. In all these previous works, the modeling was limited to
small adobe walls or adobe structures tested in structural laboratories,
for which limited experimental data was available.
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In this paper, experimental data for compression tests, diagonal
compression tests and splitting tests of the same adobe masonry are
used to build a numerical model for the simulation of the experimental
tests of adobe masonry walls. From these tests, reference experimental
values for the compressive constitutive law and tensile strength are
used to build a total strain crack model for the adobe masonry. The
experimental results from the diagonal compression tests are used as
a reference benchmark problem to validate the numerical results. The
performance of the total strain crack model using a rotating crack
approach to consider the presence of damage is investigated. The
paper analyzes the capability of the proposed model to simulate the
behavior of the tested specimens. It includes a sensitivity analysis of
the different parameters involved in the definition of the numerical
model, specially those related with fracture mechanics and plasticity
for which no experimental information is available. The outline of the
paper is as follows. First, the experimental tests and reference data are
presented. Next, some relevant theoretical aspects about the numerical
modeling are reviewed. Then, the paper presents the details about
the numerical modeling strategy and the main results, including the
sensitivity analysis of constitutive model parameters and the proposal
for specific values based on the agreement with the experimental results
and reference values from previous research works. Finally, conclusions
are drawn and future research objectives are outlined.

This work allows researchers and practitioners to perform further
numerical modeling of adobe structures by using the calibrated mate-
rial properties reported here, especially for adobe constructions made
with soils from the Guadalquivir river bank in Sevilla. The results —
in terms of good agreement between the numerical calibration and
experimental data — validate the macro modeling approach for the
analysis of complete adobe masonry structures, as also supported by
other researchers.

2. Experimental tests and data results

The available experimental load-strain curves used for the de-
velopment and analysis of the numerical models come from simple
compression and diagonal compression tests on adobe walls. These
walls were built using traditional techniques in the Structures Labora-
tory from University of Sevilla in Spain. For the adobe brick production,
a portion of fresh mixture was manually thrown into a mold with the
desired dimensions for the bricks. Once the mold was filled with fresh
mixture, it was removed and the resulting fresh brick was dried under
ambient conditions (warm and dry conditions are preferred but pro-
tected from direct sunlight to avoid cracking due to a too rapid drying
process). Once the bricks were dried after 28 days, adobe walls were
built using fresh mud mortar for the masonry joints (20 mm thickness).
In this work, the dimensions of the bricks were 80 x 160 x 320mm?>
(Fig. 1). The soil was collected from the riverbank of Guadalquivir River
in Seville (Spain). The soil composition (in weight) was 60% of sand,
20% of silty soil and 20% of clay soil. The Liquid Limit and Plastic Limit
of the soil were 23.1 and 17.2, respectively. Wheat straw was added to
the fresh mud during the manufacturing process (1% in weight). The
length of the straw fibers was 50 mm approximately. Moisture content
(in weight) during the manufacturing process was 1.3%.

2.1. Axial compression tests

Nine adobe masonry walls were built and tested in compression.
Each wall was made of 6 adobe rows of 1 and half brick width, making
an overall dimension of 580 mm height and 500 mm width approxi-
mately. A monotonically increasing compressive load was applied until
failure at 1 mm/min displacement controlled rate. Vertical strains were
measured through 2 LVDT displacement sensors fixed at each side of
the walls. Each of these sensors measured the relative displacement
between two points located 200 mm apart as shown in Fig. 2(a). The
typical failure pattern was vertical fissures and X-shape cracking in all
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(b)

Fig. 1. Adobe bricks: (a) molded and air dried and (b) stored in laboratory conditions (temperature between 15 and 25 °C and humidity around 50%.).

580

(a)

(b)

Fig. 2. (Compression test: (a) Scheme of the walls tested including the displacement sensors location (units in mm) and (b) Experimental set-up and illustration of the failure

pattern.
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Fig. 3. Average experimental compressive constitutive law (solid dark line) and
experimental curves obtained from all tests (dashed gray lines).

of them, those relative to the Poisson effect (Fig. 2(b)). The stress—
strain relationship in compression for the adobe masonry is obtained
from the average experimental values collected from all the walls and
vertical sensors. Fig. 3 shows the average stress—strain curve along with
the experimental stress—strain curves. The compressive strength defined
from this curve is 1.39 MPa. Further details about the experimental
characterization of the compressive behavior of the adobe masonry can
be found in [24].

2.2. Diagonal compression tests
For the diagonal compression tests, the adobe masonry wall spec-

imens were manufactured by following the design specifications from
the ASTM standard [25]. The nominal dimensions were

900 x 900 x 160mm?, which consist of 9 rows of bricks with 2.5
bricks per row. A total of 8 walls were built and tested following ASTM
and RILEM standards for masonry walls [25,26]. Fig. 4 illustrates the
experimental set-up. Four LVDT displacement sensors were located at
each side of the wall to measure the relative displacements (macros-
trains) in the horizontal and vertical directions, as shown in Fig. 4. The
range of observed experimental strains and their average value will be
considered as a reference for comparison purposes with the numerical
model predictions. Fig. 5 shows the average stress—strain curve along
with the experimental stress—strain curves. Further details about these
experimental tests are included in [20].

2.3. Analysis of reference experimental data in the literature

The use of different soils, dimensions for the bricks, mortar prop-
erties, dimensions of masonry specimens, manufacturing process, etc.
in different research works, leads to different values of mechanical
properties for adobe masonry. However, despite the scattering of the
experimental values of compressive, shear and tensile strength and
stress—strain relationships, a limited practical range for these properties
can be estimated from available data in the literature. An interesting
and comprehensive review of results from different experimental works
can be found in [14].

Regarding the behavior in compression of the adobe masonry, val-
ues of compressive strength are found between 0.33MPa [27] and
3.28 MPa [28]. However, in the first case, adobe walls were built
by reusing adobe blocks from ancient demolished constructions. In
the latter, a special mortar with gravel was used to joint the adobe
blocks. For usual new adobe walls, the compressive strength is more
likely to be within the range of 1-2 MPa, as it is the case for the
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Fig. 4. Diagonal compression test: (a) scheme of the wall including the displacement sensors positions (units in mm), (b) Experimental set-up and (c) Illustration of the experimental

crack pattern.
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Fig. 5. Average experimental diagonal compressive constitutive law (solid dark line)
and experimental curves obtained from all tests (dashed gray lines).

Table 1
Resume of the experimental results of the laboratory tests (in MPa).

Axial compression tests
f, E f G f,

¢

1.39 642" 0.18 782" 0.17¢

Diagonal compression tests Splitting tests

aSecant modulus at 1/3 of the compressive strength.
bSecant modulus at 1/3 of the shear strength.
¢Indirect tensile strength.

reference experimental data used here (1.39 MPa) ( Table 1) and
some others (0.94 MPa in [29], 1.73 in [30], 2.02 in [31]). For the
estimation of compressive stiffness, the results are also affected by the
methodology used for the evaluation of the Young modulus. However,
when considering a common procedure for the estimation, a practical
range for the estimation of the Young modulus can be identified. For the
secant modulus at 1/3 of the compressive strength, a value of 757 MPa
is found in [27], 803 MPa in [17] and 783-899 in [31]. These values
are in good agreement with the value of 642 MPa obtained for the
reference experimental tests in the present work, Table 1. For the peak
strain, consistent values were obtained in [17] (0.55), [31] (0.45) and
the present work (0.84).

From the diagonal compression tests, a shear strength value of
0.21 MPa and a shear modulus at 1/3 of the shear strength of 397 MPa
was obtained in [17]. In [27], a much smaller value of the shear
strength was obtained (0.03 MPa), but ancient adobe bricks were used
for building the masonry walls. However, a similar value of the shear
modulus was obtained (413 MPa). In the reference experimental tests
considered in this paper, the obtained shear strength was 0.18 MPa and
the shear modulus was found to be 268 MPa for the chord modulus
between 1/3 and 2/3 of the shear strength and 782 MPa for the secant
modulus at 1/3 of the shear strength, Table 1.

3. Numerical macromechanical models for adobe masonry

The numerical analysis of masonry structures can be performed us-
ing different methods such as limit analysis, the finite element method
and the discrete element method. Another approach consists of ide-
alizing the structure through an equivalent frame where each wall is
discretized by a set of masonry panels (piers and spandrels) [21,32];
here the non-linear response is placed with plastic hinges at the element
ends. However, to the authors’ knowledge, no specific applications of
this approach have been specifically developed yet for adobe masonry.
They exist just for fire clay brick and stone masonry. For the numer-
ical modeling of walls, one of the main difficulties is the simulation
of brittle materials: bricks and mortar. These materials have a non-
linear behavior due to their little or almost zero tensile capacity. In
compression, they can easily resist gravity loads in the elastic range.

There are two principal numerical modeling strategies for ma-
sonry walls. They are the micro-modeling and the macro-modeling
approach. The micro-modeling consists of discretizing in detail the
components of the masonry walls, taking into account bricks and
mortar separately. [23,33] distinguish between detailed and simplified
micro-modeling within this micromechanical approach. The difference
between these two is that in the simplified micro-modeling (also called
meso-modeling), the bricks are continuous elements and the mortar
joints are discontinuous. In contrast, both mortar and brick are con-
tinuous elements in the detailed micro-modeling, and the brick—-mortar
interfaces are discontinuous elements.

The macro-modeling represents bricks and mortar by a single equiv-
alent and homogeneous material. It is assumed that the entire wall is
made up of a single continuous material without differentiating the
limits of the masonry components and considering the damage smeared
into the continuum. The macro-modeling is commonly used to analyze
large structures due to its lower calculation demands. Also, it is appli-
cable when the structure is composed of solid walls with sufficiently
large dimensions where the stresses across or along a macro-length
are essentially uniform [23]. The input material properties are es-
tablished by homogenization, which relates average masonry strains
and average masonry stresses [16,34]. The homogenization involves
the simplification of the composite brick-mortar into one equivalent
material; this means creating a new material, which represents the
behavior of the masonry. A different homogenization can be performed
in the direction parallel and perpendicular to the bed joints to consider
the different behavior along both directions [35]. This technique has
been used to analyze arch bridges, historical buildings, mosques and
cathedrals [34] based on tension-compression damage finite element
formulation. However, this technique generally introduces a limitation,
which is to assume a homogeneous and isotropic material, as in the case
of adobe structures. To have a better representation of the non-isotropy
of the masonry, different homogenization techniques can be found in
the literature, especially for reproducing the in-plane and out-of-plane
actions [36-40].

Another type of simplified numerical modeling is the equivalent
frame model. It uses linear beam—column elements for representing the
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masonry walls. Despite considering linear elements, the non-linearity of
the wall (in tension, bending and shear) can be represented by inserting
plastic hinges inside each beam-column element.

In this work, the macro-modeling approach was used for modeling
the described experimental tests, following a parametric calibration of
the constitutive laws for the application of a total-strain crack model
implemented in Midas FEA software.

3.1. The total-strain crack model

The total-strain crack model uses the macro-modeling approach
for masonry structures considering a non-linear isotropic-homogeneous
material. The total-strain crack model was originally introduced for
reproducing the cracking and stress distribution in concrete under
a non-linear behavior [41,42]. It uses the macro-modeling approach
considering a non-linear isotropic-homogeneous material. This model
establishes a criterion for crack formation and growth for quasi-brittle
materials. This criterion is based on the softening that occurs once the
material’s tensile strength is exceeded, being this softening dependent
on the opening of the crack. The material behavior in the total-strain
crack model is defined by a tension and compression constitutive
law (stress—strain relationships). Although it was originally developed
for concrete, it is used in this work for reproducing the non-linear
behavior of adobe masonry. A comprehensive work, where many nu-
merical validations of in-plane and out-of-plane experimental tests of
masonry composites can be found in [43]. Also, new developments of
the total-strain crack model but considering the orthotropic masonry
characteristics have recently been performed by [44], concluding that
although constitutive models for masonry have progressed in the recent
years, they still need to be improved.

The total-strain crack model does not divide the total strain into
strain components, making the analysis more accessible and faster in
FEM programs. The advantage of using this model is the easy formu-
lation of the algorithm since it only uses stress—strain relationships. In
this model, the stress is assumed to be function of the total strain [45].

When the material is cracked, it ceases to have isotropic properties,
becoming an anisotropic material, calculating the normal stresses and
tangential stresses on the crack surface. By considering just perpendic-
ular crack angles, the total-strain crack model can be classified into
an orthogonal crack model. The shape of the tensile-softening diagram
and the material fracture energy mainly controls the crack propagation.
The fracture energy is related to the area under the inelastic part of
the stress vs strain curve. It can also be expressed in the stress vs
displacement curve, where the displacement is computed as the strain
times the element characteristic length h. This length is the diagonal of
a 4-node quadrilateral linear shell element, or the half of the diagonal of
a 8-node quadratic shell element [16]. Furthermore, a mesh sensitivity
analysis should be done to analyze the maximum mesh size to be used
without altering the stress—strain results. This is done by analyzing a
masonry sample with different mesh sizes. The final mesh size may
be taken as the larger one having same stress—strain results as smaller
mesh sizes.

The evaluation of the crack state of the element takes place at its
integration points, and it is not possible to determine the exact position
of the crack within the element. Depending on the shear stress—strain
relationship, two approaches can be considered for smeared cracking
modeling:

(a) Fixed-crack model (Fig. 6(a)): The crack direction does not
change once the cracks are formed. Therefore, after the crack’s direc-
tions are fixed, normal and tangential stresses appear. In this model, the
shear stiffness reduction of the material because of cracking is defined
by a factor affecting the shear modulus (ranging from 0 to 1).

(b) Rotating-crack model (Fig. 6(b)): in this case, the orientation of
the crack, and therefore of the directions of principal stresses, can be
reoriented for each load step. As a result, they align accordingly with
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Fig. 6. Scheme of stress at crack surfaces for (a) fixed crack and (b) rotating crack
model.

the different stress and strain fields through the loading process. As a
consequence, tangential stresses do not appear.

In both fixed and rotating crack models, the crack initiates in the
directions of the principal strains. In addition, due to lateral confine-
ment effects, the compressive stress—strain relationship can be modified
to incorporate the effects of increased isotropic stress. When the ma-
terial is cracked, lateral tensile strains perpendicular to the principal
compressive direction reduce the compressive strength. The concept
of failure function is introduced to compute the compressive stress,
which causes failure as a function of the confining stress in the lateral
directions. If the material is cracked in the lateral directions, the peak
compressive stress and the strain at peak compressive stress are reduced
by factors proposed by [46].

3.2. Constitutive laws

As aforementioned, the compression and tension constitutive laws
are the main ingredients for numerical modeling using the total-strain
crack model. The definition of the isotropic behavior is defined through
a constant Poisson modulus. In addition, for the fixed-crack model, the
shear stiffness at cracked elements is reduced by a factor between 0 and
1.

In this research, the experimental compression tests allowed the
definition of a parabolic compressive stress—strain curve, assuming a
hardening-softening behavior represented by a fracture energy. The
diagonal compression tests provided an experimental estimate of tensile
strength, which can be used for the definition of a linear tensile con-
stitutive law followed by an exponential softening law [47], where the
fracture energy is related to the equivalent length or crack bandwidth of
the elements (parameter h). Apart from the fracture energy and tensile
strength, the stiffness of the initial linear behavior has to be defined.

4. Numerical modeling strategy

The numerical model was built using Midas FEA software. A 2D
model was built assuming a plane stress state. 8 node quadrilateral
and 6 node triangular quadratic shell elements were used when nec-
essary to adapt the mesh for geometric transitions. A plane stress is
suitable to represent the experimental tests since only in-plane loads are
considered and there is no out-of-plane response. The out-of-plane de-
formations due to Poisson’s effect are implicitly considered in the plane
stress assumption. However, the connection between the headings and
the masonry produces a physical local 3D confinement effect at those
zones that is not properly considered in a plane stress model. Thus, the
numerical stresses and strains close to those areas are considered to be
not realistic and are excluded from the analysis.

The vertical displacements at the bottom face of the walls were
fixed, whereas uniform values were subsequently imposed at the top
face, simulating the experimental displacement controlled configura-
tion. Regarding the horizontal displacements at these boundaries, 1D



J.M. Fages et al.

Interface Elements

Vertical Sliding Support

Fixed Supports Interface Elements

YYVVVVVYVYYVYVYVVVVVVVY
I P Imposed Displacements %
I Linear Elastic Elements ORRES

Construction and Building Materials 352 (2022) 128965

Imposed Displacements

Interface Elements

Vertical Sliding Support

Interface Elements

Fixed Supports

Fig. 7. Finite element mesh, boundary conditions and transition elements used for (a) simple compression and (b) diagonal compression simulations.
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Fig. 8. Tensile constitutive law for tensile strength of 0.13 MPa, initial elastic modulus
of 642 MPa, fracture energy of 0.008 N/mm and element characteristic length of
25 mm.

interface elements were introduced with a horizontal friction coeffi-
cient of 0.3. These interface elements introduce a trade-off between
totally restrained or unconfined situations if the horizontal displace-
ments are restrained or free at the bottom and top faces of the walls,
respectively. 40 and 25 interface elements were used for the simula-
tion of the compression and diagonal compression tests, respectively.
Moreover, in order to avoid unrealistic local failure mechanisms at the
areas close to those boundaries, a linear elastic behavior was assumed
for irregular elements localized at those areas (see Fig. 7). Fig. 7 shows
pictures of the mesh used for the simple compression and diagonal
compression simulations, including a schematic representation of the
imposed boundary conditions and the aforementioned interface and
linear elastic elements.

According to the values of the maximum experimentally imposed
displacements, a maximum vertical displacement of 20 mm and 10 mm
is imposed at top sides of the walls for the compression and diagonal
compression tests simulations, respectively, divided into 20 uniform
load steps for which the solution is found. The evolution of the different
magnitudes during the loading process is obtained from the set of
results obtained for all load steps.

4.1 Constitutive model

4.2 Compressive constitutive law

The average stress—strain law obtained from the compressive tests
(Fig. 3) is used to define the compressive constitutive law. Their values
are introduced through a set of stress—strain values.

4.3 Tensile constitutive law and fracture energy

The tensile constitutive law and fracture energy are critical param-
eters for which unfortunately there is little reference experimental data
in the literature. In this study, reference values of the tensile strength
obtained by the authors in a previous work have been considered [20],
whereas a reference model constitutive model for quasi-brittle materi-
als is adopted, using some exploratory reference values for the tensile
fracture energy considered by other authors.

The tensile constitutive law is defined by assuming an initial linear
elastic behavior until the tensile strength is reached, followed by an
exponential softening law due to damage. The area below this stress—
strain curve is the fracture energy (G,). This type of constitutive
model is usually considered for quasi-brittle materials. However, when
softening occurs, the governing differential equations lose ellipticity
(tangent modulus is no longer positive), and the boundary value prob-
lem describing the structural response becomes ill-posed, which means
to have a non-unique solution of the problem. This phenomenon was
deeply analyzed in [48-51]. To solve this issue, it is suggested to specify
the tensile softening but localized into a size band h, which is the char-
acteristic element length related to the mesh dimension [48]. In this
case, the stress—strain curve is no longer considered as a unique curve
characterizing the material but converted into a stress—displacement
curve. Since the dissipated energy per unit area has to be equal to
the fracture energy G, (a material property), a new parameter g, =
G,/h is derived to guarantee equality [48,49]. The units of g, are
N/mm. This procedure is known as the crack band approach or fracture
energy approach, and helps to solve the strain localization problem
and alleviate mesh dependency [51]. Fig. 8 illustrates the constitutive
tensile law for tensile strength of 0.13 MPa, initial elastic modulus of
642 MPa, a fracture energy of 0.008 N/mm and element characteristic
length of 35.35 mm (corresponding to the diagonal length of a square
element of 25 mm side length).

The tensile behavior plays a critical role in the behavior of the
material since it controls its fracture behavior and therefore the failure
mechanisms of the specimen, redistribution of stresses and strains,
etc. Unfortunately, there is major uncertainty for its definition based
on experimental results, because of the difficulty in obtaining reliable
values for the tensile strength and fracture energy.

Regarding the tensile strength, a value of 0.17 MPa was obtained
by the authors from splitting tests of cylindrical samples of the same
material as the adobe brick [20]. From the diagonal compression tests
presented in the same work [20], different values of the tensile strength
were estimated assuming a pure shear stress state and the elastic
solution of this kind of test. Values of 0.181 MPa and 0.13 MPa were
obtained from both assumptions, respectively.

For the first elastic range, a reference value can be also obtained
from the initial Young modulus of the experimental compressive con-
stitutive law. The secant value of the Young modulus estimated in [24]
at 1/3 of the compressive strength is used as a reference value in this
study (642 MPa).

The fracture energy is a critical parameter for which the exper-
imental determination is complex and there are very few and scat-
ter reference experimental values in the literature. In the work of
Almeida [52], they found a tensile fracture energy of 0.0045 N/mm
and 0.015 from direct tensile tests on notched samples of sandwich
adobe specimens (with mud mortar at interfaces) and simple notched
simple specimens respectively. An intermediate value (0.007 N/mm)
was obtained in [53] from direct tensile tests of sandwich specimens
of adobe for which a tensile strength of 0.15 MPa was estimated from
splitting tests. In previous numerical approaches for the simulation of
adobe masonry, a value of 0.01 N/mm was considered in [16] for
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Fig. 9. Relationship between applied force and (a) horizontal and (b) vertical strains in the diagonal compression test simulation for tensile Young modulus E,_,,; = 642 MPa
(dark gray line), E, ,/; = 533 MPa (medium gray line) and E,;_,/; = 497 MPa (light gray line). The shaded area represents the envelope of the experimental results. The dashed

line represents the average experimental stress-strain curve.
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Fig. 10. Relationship between applied force and horizontal strains in the diagonal compression test simulation for Poisson modulus v = 0.3 (dark gray line), v = 0.11 (medium
gray line) and v = 0.05 (light gray line). The shaded area represents the envelope of the experimental results.

the analysis of the shear behavior of adobe walls. For the case of
rammed earth, Miccoli et al. [28] used a value of 0.029 times the

Table 2

Parameters for sensitivity analysis of constitutive model.

Reference fixed value

tensile strength, as recommended for historical masonry. Based on these Parameter Range
reference values, a range between 0.004 and 0.02 will be considered in Tensile Young modulus 460-642 MPa 642 MPa
Poisson modulus 0.05-0.3 0.3
the present study.
p y Tensile fracture energy 0.004-0.02 N/mm 0.008 N/mm
4.4 Poisson modulus Tensile strength 0.12-0.17 MPa 0.13 MPa
Element size 25-50 mm 25 mm

Few experimental studies have addressed the experimental determi-
nation of the Poisson ratio for adobe masonry yet. The determination
of small transversal strains that are much influenced by the progressive
cracking is experimentally difficult to achieve. Thus, the experimental
estimates are uncertain and the scattering of the obtained results is
very significant. Different studies have obtained values from 0.05 to
0.5 [14], although most of them point to a range between 0.05 and
0.3. Thus, this range is considered as a reference to be considered in the
present work. It has also been observed an increasing trend of the value
of the Poisson modulus as the stress level increases [24,29], but this
phenomenon cannot be introduced in the present numerical approach.

5. Sensitivity analysis of constitutive model parameters

In this section, the influence of the tensile Young modulus, Poisson
modulus, tensile fracture energy, tensile strength and element size
are analyzed independently. A selection of a suitable value for each
parameter is performed by comparing the experimental and numerical
results. For such a purpose, the relationship between the applied force
and the horizontal strains in the diagonal compression is considered,
since it is the most sensitive experimental feature from those available.
For the most critical parameters, vertical strains are also analyzed. In
the numerical model, since the boundary conditions are defined in
terms of imposed displacements, the applied force is evaluated from
the reaction forces. For a consistent comparative analysis, the strains
from the numerical model are obtained from the relative displacements

between nodes located at the same positions where the displacement
transducers were fixed to the wall in the experimental tests.

The sensitivity analysis is performed by studying the influence on
the numerical results of each single parameter within a certain range,
considering a reference fixed value for the rest of the parameters as
defined in Table 2.

5.1. Tensile Young modulus

Fig. 9 shows the results obtained for the three different estimates
of the Young modulus obtained from the compressive tests of adobe
wallets [24]. They correspond to the secant modulus at 1/3 and 2/3 of
the compressive strength (E;_;;; = 642 MPa and Ej_,;3 = 533 MPa,
respectively) and the tangent modulus between 1/3 and 2/3 of the
compressive strength (E;;;_,;3 = 497 MPa). The results show that
the estimate that better fits the initial compressive stiffness (E_,3)
provides a better fit with the experimental results from diagonal com-
pression tests. This can be observed in Fig. 9(a) for the vertical stiffness.
It is clear how the tensile stiffness affects mainly the vertical stiffness at
lower load levels. In contrast, the horizontal strains are barely affected
by the value of the Young modulus (Fig. 9(b)) at the initial stage. The
tensile Young modulus also affects the strength of the wall, since (for
the same tensile strength and fracture energy) a lower tensile stiffness
increases ductility and delays the specimen failure.
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Fig. 11. Relationship between applied force and (a) horizontal strains and (b) vertical strains in the diagonal compression test simulation for a fracture energy value of 0.004 N/mm
(solid dark gray line), 0.008 N/mm (solid light gray line), 0.01 N/mm (dashed dark gray line) and 0.02 N/mm (dashed light gray line). The shaded area represents the envelope of

the experimental results.
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Fig. 12. Relationship between applied force and (a) horizontal strains and (b) vertical strains in the diagonal compression test simulation for a tensile strength of 0.17 MPa
(solid dark gray line), 0.14 MPa (solid light gray line), 0.13 MPa (dashed dark gray line) and 0.12 MPa (dashed light gray line). The shaded area represents the envelope of the

experimental results.
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Fig. 13. Relationship between applied force and (a) horizontal strains and (b) vertical strains in the diagonal compression test simulation using an element size of 25 mm (dark
gray line), 35 mm (medium gray line) and 50 mm (light gray line). The shaded area represents the envelope of the experimental results.

5.2. Poisson modulus

Fig. 10 shows that the Poisson modulus has little influence on the
values of the horizontal strains whereas it affects the numerical stability
of the vertical strains. Because of the lack of reliable experimental data,
a realistic value of 0.3 is considered a suitable value for the simulations
since it provides accurate and stable enough results. The same value has
been previously considered in previous simulations [17,54].

5.3. Fracture energy

Fig. 11 shows that the considered range for the fracture energy
provides a reasonable approach to the experimental results. Thus, the
numerical simulations confirm that the real value of fracture energy of
the material might lie within the proposed range. From the different
values considered, a fracture energy of 0.008N/mm is considered to
provide the most stable and accurate results.

14 e ===
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- ~
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Fig. 14. Stress-strain relationship of the compression test for the optimum model
parameters (solid line). The shaded area and the dashed line represent the envelope
and the average of the experimental results, respectively.
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Fig. 15. Illustration of failure progress from simulations of compression test.

Table 3

Calibrated material properties for adobe masonry.
Elastic Tension Compression
E v h f, G! ¢,
(MPa) (mm) (MPa) (N/mm) (mm/mm)
642 0.3 25 0.13 0.008 0.002

5.4. Tensile strength

Fig. 12 shows that the experimental estimation of the tensile
strength based on the elastic solution of the diagonal compression test
problem (0.13 MPa) provides the best fit of the numerical solution
with the experimental results. The strength obtained from splitting tests
and assuming a pure shear stress state in the diagonal compression
test (0.17 MPa), leads to an overestimation of the maximum loading
capacity of the wall and higher instabilities. It can be also observed
that the tensile strength has a high influence on the limit of the elastic
range.

5.5. Element size (mesh refinement)

A parametric analysis to see the minimum element size dimension
required for obtaining accurate enough results was also performed. The
idea was to find a trade-off between computational time cost and results
accuracy. As it is shown in Fig. 13, accurate results are observed for a
25 mm element size. No significant variation is observed in the results
when the mesh is refined from 35 mm to 25 mm element size. In
contrast, results for a 50 mm element size illustrate that a mesh of that
size provides less accurate results, specially for the nonlinear range.

6. Numerical vs experimental results

This section is aimed at providing an assessment of the accuracy of
the numerical results obtained with the calibrated parameters selected
from the previous sensitivity summarized in Table 3.

First, the results from the simple compression tests are shown in
Fig. 14, where a good agreement between the experimental and nu-
merical results is shown. The modulus of elasticity controls the elastic
behavior up to the point where cracking starts. Then, when the material
cracks, the masonry loses strength capacity due to stiffness degradation.
Because of the different parameters involved in the non-linear behavior
and failure of the material, the numerical results do not perfectly match
the average experimental results; however, the numerical curve fits
reasonably the experimental range values.

Fig. 15 illustrates the failure pattern of the walls obtained from the
numerical simulations. Although only compression loads are applied on
the wall, the failure starts by exceeding the material tensile strength.
Then, a progressive diagonal cracking process takes place from the
corners of the wall to its center, where a vertical cracked region is
formed. This result agrees with the damage pattern observed in the

experimental tests (Fig. 3 b), where the cracks also started at the top
and bottom sides and formed an X-shape crack pattern. This failure
pattern is typical for masonry prisms subjected to axial compression
loading. Fig. 15 also shows different stages of the failure process,
including numerical values of crack openings (in mm).

For the diagonal compression tests, strains of the numerical model
are obtained from the relative displacements between nodes located at
the same positions where the displacement sensors were fixed to the
wall. Fig. 16 compares the vertical and horizontal strains during the
diagonal compression tests. The capital letters in the plot are related
to the stress, strain and crack pattern shown in Figs. 17-20. The agree-
ment between the numerical and experimental results is fairly good.
The most significant deviation comes from the rapid decrease of the
supported load in the numerical simulation just after the maximum load
is reached. This phenomenon is due to the softening of the wall’s central
part when its ultimate strength is reached. This softening procedure is
followed by a transition to another load transmission path, in which
adjacent areas to the central part (that are not damaged yet and present
higher stiffness with a remanent strength reserve) start to support a
higher portion of the applied load. This transition is illustrated in
Fig. 17. It shows how vertical stresses are redistributed after the peak
force is reached. Once the redistribution has taken place, stiffness is
recovered, although it progressively decreases, and a final softening
behavior is observed when the whole area between the two contact sur-
faces is cracked. Although a smaller strength reduction due to softening
is observed in the numerical results, the obtained numerical stress—
strain curves are still within the interval of the experimental results
range. This wide range of experimental results actually demonstrates
the quasi-brittle behavior of adobe masonry. The strength reduction
is directly related to the tensile fracture energy, being the proposed
values suitable for obtaining a good agreement with the experimental
results in terms of stresses and strains. Fig. 18 illustrates the distribution
of horizontal stresses during the test. It can be seen how the central
part of the wall reaches first the tensile strength. The evolution of the
horizontal strains and crack pattern (Figs. 19 and 20) also illustrate
well the failure mechanism. They agree with the experimental failure
pattern (Fig. 4(c)), where vertical cracks appeared from top to bottom,
inducing the division of the masonry specimens into two big parts.

The comparison between the force vs strain experimental and nu-
merical curves and the cracking process shows that the numerical
calibrated total-strain crack model can reproduce well the experimental
results. Despite the significant scattering in the experimental results
(see Figs. 14 and 16), the numerical results show that practical numer-
ical predictions of the structural response of this kind of adobe walls
built in Sevilla can be obtained using the proposed model. Furthermore,
among all material properties considered, the tensile strength and the
tensile fracture energy are the most parameters(see Figs. 11 and 12),
being the tensile fracture energy the one that controls mainly the
inelastic response. This preliminary study concludes that even though
adobe is a brittle material, it retains some tension fracture energy which
controls the crack formation process.
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Then, since masonry fails due to its low capacity to withstand tensile
stresses, any intervention of exiting adobe constructions or proposal for
the enhancement of the structural behavior of adobe masonry walls,
should be focused on the improvement of its ductility.

7. Conclusions

The experimental behavior of adobe masonry walls in compression
and diagonal compression is well represented by a macromechanical
approach based on the total strain crack model. The presented results
show that accurate simulations of adobe walls can be performed for
practical applications using this approach, specially when dealing with
large size structures for which the micro-modeling approach is not
feasible because of the computational cost.

The constitutive model must be built from reference experimental
values. In the present study, a valid model has been built from the
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experimental compressive constitutive law and experimental tensile
strength. Some parameters are estimated from the literature, although
special attention should be paid to fracture energy and tensile strength,
which are the most influential parameters on the final results. Other
parameters such as Poisson modulus do not significantly affect the
results and uncertainty about its real value is not a major issue.

Regarding the tensile strength, the presented results show that a
realistic value based on experimental tests is required. The estimation
of the tensile strength based on the linear elastic solution from the
diagonal compression tests should be considered rather than the pure
shear stress state assumption or the use of splitting tests.

Fracture energy is a very important parameter for which few ex-
perimental information exists in the literature. The sensitivity analysis
presented in this paper suggests a value of 0.008 N/mm for modeling
adobe walls. Moreover, the experimental procedure to estimate its
value is not clearly established yet. Thus, further research is required
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in order to establish a valid procedure that should be also validated by
its use on numerical models.

Additionally, further research should also be dedicated to the inves-
tigation of non isotropy laws to reproduce, within the macro modeling
approach, the failure process of adobe masonry.

The present paper shows that the followed methodology for the
calibration of the mechanical parameters of adobe masonry is a suitable
approach for the numerical modeling of this material.
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