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Abstract 
Earth is a construction material which has been used since ancient times in many parts of the world according to its local 
availability, low manufacturing cost, and its need for simple construction techniques. Even though earthen constructions 
have good thermo-acoustic properties, they typically show a very poor performance under earthquake ground motion. 
Rammed earth and adobe masonry are the main types of earthen construction. Nowadays, it is estimated that approximately 
30% of the world population lives in earthen buildings and this percentage increases up to around 50% in developing 
countries. Such an information highlights the need for a seismic assessment and strengthening of existing earthen structures. 
The present study is focused on the mechanical behavior of the traditional adobe masonry (AM) of the Aveiro district, 
Portugal, where approximately 40% of existing buildings are made of adobe and many of them have a socio-cultural value. 
Extensive surveys have shown a poor state of conservation of AM buildings, the strengthening of which should be based on 
a comprehensive knowledge of mechanical properties and behavior. To that aim, a nonlinear finite element (FE) modelling 
approach is used to simulate the experimental behavior of AM in different boundary and loading conditions associated with 
axial and diagonal compression tests. The latter are amongst the most common experimental tests used for mechanical 
characterization of masonry assemblages, particularly to define their macroscopic response to uniaxial compression and 
shear. Based on statistics for mechanical properties of adobe bricks and mud mortar provided by past experimental tests, a 
macromechanical model of AM was developed within LS-DYNA software and validated against experimental data. The FE 
models of two types of specimens subjected to axial compression and diagonal compression, separately, were generated. A 
comparative analysis between numerical and experimental results, both in terms of force–displacement curves and crack 
patterns, showed that the FE model was able to reproduce the real behavior of AM in different boundary and loading 
conditions. Afterwards, a single-parameter sensitivity analysis was performed on each AM model to assess whether and 
how the AM behavior changes under varying material properties. That analysis was the basis for a probabilistic assessment 
in which a stochastic FE analysis was carried out. Each material property was assumed to be a spatially-distributed random 
variable in order to reproduce the high level of inhomogeneity provided by material tests on AM constituents, that is adobe 
bricks and mortar. A small number of model realizations subjected to axial compression was randomly generated through 
Monte Carlo simulation technique. Two alternative types of stochastic representation were adopted. The former was a 
simplified stochastic FE modeling (SFEM) in which the spatial variability of material properties was lumped into single 
brick units, each of them fictitiously extended to the middle of mortar joints. In the second case, an advanced stochastic FE 
modeling (ASFEM) strategy was used and consisted in a random generation of material properties for all finite elements. It 
was found that even a limited number of ASFEM simulations allowed the experimental force–displacement response to be 
captured. 

Keywords: adobe masonry; nonlinear macromechanical finite element modeling; experimental validation; sensitivity 
analysis; stochastic finite element analysis. 
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1. Introduction 
Adobe masonry (AM) is one of the most largely used construction materials worldwide due to local availability 
of constituent materials, low manufacturing cost, simple construction technique and good thermo-acoustic 
properties. AM is a masonry assemblage consisting of adobe bricks and mud mortar [1]. The bricks are typically 
produced by pressing a mixture of soil, water and reinforcing fibers (either natural or artificial) into a prismatic 
formwork, and then drying each brick by means of the combined action of air and sunshine. In some cases, the 
mixture of adobe bricks is stabilized through additives such as lime and cement. Together with rammed earth, 
AM falls in the class of earthen construction materials that have been used in various historical ages and 
countries, starting at least 5000 years ago in Mesopotamia and Turkmenistan. In this respect, approximately 10% 
of the UNESCO World Heritage properties consists of earthen constructions, including European historical cities 
such as Guimarães, Oporto, Cordoba and Lyon. Even nowadays, it is observed a growing interest in new earthen 
structures to ensure a sustainable development of both urban and rural centers, comfort to building occupants, 
and architectural compatibility with historical built environments. This also occurs in countries such as Italy, 
where several examples of earthen buildings are still present, especially in Piemonte, Marche, Abruzzo, Emilia 
Romagna and Sardinia. In some less developed regions of Africa, Asia and Latin America, earthen materials are 
typically used to build nonengineered constructions, resulting in informal urban settlements with significant 
vulnerability to natural hazards (e.g. earthquakes, floods, landslides). Such observations are consistent with the 
fact that a large fraction of world population lives in earthen constructions. These statistics motivated an 
increasing number of research studies on AM constructions. Most of studies focused on seismic response and 
strengthening of AM constructions (see e.g. [2]–[6]). An extensive research was conducted at the Pontifical 
Catholic University of Peru (PUCP), starting between 1970s and early 1980s, and focusing on mechanical 
properties and structural behavior of Peruvian AM constructions [7]. More recently, material properties and 
structural response of AM buildings were further investigated by several scholars, allowing a worldwide 
database on mechanical properties of adobe bricks to be developed. In Portugal, AM was commonly used until 
the middle of the 20th century and the Aveiro district is an emblematic region where approximately 40% of the 
building stock is composed of AM structures. Most of those buildings present an important cultural, social and 
architectural value, but at the same time a poor state of conservation and structural deficiencies. Therefore, on 
one hand a mechanical characterization of traditional AM of Aveiro district needs to be performed and on the 
other an experimental and numerical assessment of AM buildings in view of their seismic strengthening. Based 
on a past experimental campaign by Silveira et al. [8], the authors of this paper carried out a numerical 
investigation aimed at developing a robust nonlinear finite element (FE) model for Aveiro’s AM. 

2. Research methodology 
A macromechanical FE model of the case-study AM was developed in LS-DYNA software [9] by using the soil-
and-foam material model developed by Krieg [10]. A homogeneous model is adopted according to the very 
similar values of mechanical properties of adobe bricks and mud mortar in the case of Aveiro’s AM [8]. The 
soil-and-foam material model was employed because it produced successfully results for different masonry types 
[11][12]. Furthermore, that material model has a considerable amount of use experience, needing few input data 
to define the mechanical behavior and being generally applied to crushable foams and geomaterials (e.g. rock, 
soil, concrete). In those materials, compressibility is relatively high, yield strength depends on the mean stress, 
and tensile strength is significantly smaller than compressive strength. After that appropriate values were 
assigned to strengths and elastic moduli of AM, the mechanical behaviour was simulated in different boundary 
and loading conditions corresponding to the axial and diagonal compression tests presented in [8]. The 
specimens consisted of earth block masonry wallettes with mud mortar. The validation of the nonlinear FE 
model was based on an experimental-numerical comparison in terms of load–displacement diagrams and crack 
patterns. The numerical robustness of the FE model was validated in two boundary and loading conditions 
related to axial and diagonal compression laboratory tests. A sensitivity analysis was performed to evaluate 
variations in model response as single material properties change according to their statistical variability. Finally, 
the inhomogeneity of AM was probabilistically modeled through spatially distributed material properties. 
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3. Experimental database 
Experimental data on physical and mechanical properties of AM were collected from Silveira et al. [8]. Those 
researchers carried out axial and diagonal compression tests on ten full scale AM wallettes that were constructed 
in laboratory with adobe bricks extracted from existing constructions in the Aveiro district and with mortar 
having a traditional composition. Five specimens were tested under axial compression and other specimens were 
tested in diagonal compression. Figures 1a and 1b show respectively the experimental setup and load–
displacement curves of specimens subjected to axial compression tests. Similarly, Figures 2a and 2b show the 
setup and load–displacement curves related to diagonal compression tests. 
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Fig. 1 – Uniaxial compression tests: (a) experimental setup; (b) load–displacement curves 
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Fig. 2 – Diagonal compression tests: (a) experimental setup; (b) load–displacement curves 

Experimental tests were carried out with displacement control and AM specimens experienced a quasibrittle 
behavior. All specimens were 1260×1260×360 mm3 in size and were characterized by a running bond scheme 
and two leaves. Adobe bricks were 460×320×120 mm3 in size and mortar joints were 20 mm-thick. The adobe 
bricks had the following characteristics: mean unit weight of 15 kN/m3 (coefficient of variation CoV = 5%), 
mean compressive strength fc = 0.466 MPa (CoV = 34%), mean Young’s modulus E = 13,068 MPa (CoV = 
32%), and mean splitting tensile strength ft = 0.137 MPa (CoV = 65%). The mortar was characterized by mean 
unit weight of 17 kN/m3 (CoV = 7%) and mean compressive strength of 0.469 MPa (CoV = 24%). Young’s 
modulus of mortar was not determined as it is expected to be very close to that of adobe bricks, according to 

3 



16th World Conference on Earthquake, 16WCEE 2017 

Santiago Chile, January 9th to 13th 2017  

their equal composition, production and curing process. Axial compression tests were performed with loading 
perpendicular to mortar bed joints. A reaction steel beam was placed above each specimen to distribute the axial 
compressive load (Fig. 1a). Experimental load–displacement curves are shown in Figure 1b. Diagonal 
compression tests were performed by applying loading through steel shoes in opposite corners of each specimen 
(Fig. 2a) and experimental curves are shown in Figure 2b. In all tests, relative displacements on both faces of 
specimens were monitored by linear variable displacement transducers (LVDTs). The damage to specimens 
subjected to axial compression consisted of vertical cracks which were distributed over both faces (crushing). 
Conversely, single diagonal cracks were observed during diagonal compression tests. 

4. Development and validation of numerical model 
The main objective of this paper was to develop and validate a macromechanical FE model for the case-study 
AM through a FE software able to perform nonlinear analysis of structures. Macromodeling of adobe masonry 
was performed through a regular mesh of eight-node solid elements with cubic shape and 20 mm edge. The size 
of finite elements was equal to the thickness of mortar joints and was selected after an accurate mesh sensitivity 
analysis. The numerical models of the specimens tested in axial and diagonal compression was made of 63,504 
elements. Single-point integration elements were used to get correct results. In this case, hourglass energy was 
monitored to guarantee reliable results. Among several material models available in LS-DYNA software (e.g. 
cap, concrete, pseudotensor, Winfrith concrete), the soil-and-foam model was selected according to previous 
studies that confirmed its potential of reproducing the mechanical behavior of masonry structures [11]–[12]. 
That material model was recently calibrated by Parisi et al. [12] for tuff stone masonry. The main physical-
mechanical properties of AM used in numerical modeling are outlined in Table 1, including the mass density ρ, 
shear modulus G and bulk modulus K. The latter was derived according to [12]. Bracketed figures in Table 1 
indicate the CoV of a material property. It is noted that splitting tests evidenced a high dispersion in tensile 
strength, that is 65%. 

Table 1 – Physical-mechanical properties of adobe masonry 

Material ρ [kg] G [MPa] K [MPa] ft [MPa] fc [MPa] 

Adobe 1600 520 (32%) 6700 0.137 (65%) 0.466 (32%) 

 
4.1 Numerical-experimental comparisons for axial compressive loading 

According to the experimental setup, all the nodes located at the base of the model were assumed to be free to 
move in the horizontal direction (rollers), exception made for central nodes that were hinged. All nodes located 
on top were loaded. Figure 3 shows that the FE model with mean properties allows a good reproduction of initial 
stiffness, peak resistance and softening branch, as the numerical load–displacement curve is between the 
experimental curves. Figure 4 shows that the spread pattern of plastic strains is compatible with that of cracks 
observed during testing. 

Based on a preliminary sensitivity analysis, the authors found that using a FE mesh with 20 mm size allowed a 
good balance between computational work and numerical-experimental matching. That size was the thickness of 
mortar joints. By contrast, increasing the mesh size to 30 mm did not produce satisfactory results in terms of 
load–displacement curve. The numerical-experimental comparison was also carried out at local scale by 
monitoring vertical stresses in three finite elements located in the central part of the model (Fig. 5a). The 
numerical vertical stresses were compared to the mean compressive strength of the masonry, highlighting that 
approximately all selected elements reached that stress level (Fig. 5b). Therefore, such a comparison 
demonstrates that the numerical model with mean material properties is able to reproduce the experimental 
behavior and damage at both local and global scales. 
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Fig. 3 – Experimental versus mean numerical load–displacement curves related to axial compression 
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Fig. 4 – Comparison between (a) observed cracks and (b) vertical plastic strains induced by axial compression 
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Fig. 5 – Monitoring of vertical compressive stresses in the central part of the numerical model subjected to axial 
compression: (a) finite elements selected; (b) comparison between vertical stresses and mean compressive 

strength of the case-study AM 
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The numerical-experimental comparison at local level was extended to vertical relative displacements measured 
in the central part of the numerical model with mean material properties (Fig. 6a). Experimental measurements 
from three couples of LVDTs named V1A, V1B, V2A, V2B, V3A and V3B were considered, in relation to faces 
A and B of the specimens subjected to axial compression. Experimental and numerical displacements were 
associated with the same points located on end sections of the middle third of the specimen and its FE model, 
respectively. Displacement readings of V2A and V2B were aligned with the vertical axis of symmetry. V1 and 
V3 couples of LVDTs were located 250 mm away from the vertical centerline. Thus, vertical displacements 
from the FE model and specimens were averaged (that is, ∆Vi = (∆ViA + ∆ViB)/2 with i = 1,2,3) and associated 
with the same vertical displacements imposed on top. That procedure allowed to derive the relationship between 
the average displacements provided by numerical analysis and those measured during testing (Fig. 6b). The 
model error in terms of displacements was also characterized as a Normal random variable (RV) defined as  
ME = ∆EXP/∆FEM. The mean of that ratio was found to be 1.17, whereas CoV was equal to 15%. 
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Fig. 6 – Monitoring of vertical relative displacements in the central part of the numerical model: (a) location of 
LVDTs and finite elements at their ends; (b) comparison between average FEM displacements and average 

experimental displacements 

 

4.2 Numerical-experimental comparisons for diagonal compressive loading 

The numerical model used to simulate diagonal compressive behavior had equal geometry, but different 
boundary and load conditions with respect to the model subjected to axial compression. According to the 
experimental setup, all nodes located in the corner steel shoes were assumed to be hinged and those located on 
top were subjected to monotonically increasing vertical displacements. The FE model with mean properties 
reproduces fairly well the initial stiffness and peak resistance, showing a gradual strength degradation (Fig. 7). It 
is worth noting that an impressive simulation of the diagonal crack pattern was obtained, as highlighted in Figs. 
8a and 8b. In detail, the crack pattern did not significantly affect the corners restrained by the steel shoes. Local 
tensile stresses in the horizontal direction of the numerical model with mean material properties were monitored 
as the vertical displacement on top was monotonically increased. Three finite elements were considered, 
including a couple of elements located at the ends of the horizontal LVDTs placed over faces A and B of the 
specimen (Fig. 9a). The gauge length of those LVDTs was equal to 605 mm. It was found that horizontal stresses 
approached the mean tensile strength of the masonry, according to the fact that masonry failure in diagonal 
compression may be governed by tensile failure in the transverse direction. The numerical-experimental 
comparison at local level was also performed in terms of horizontal displacements under varying vertical 
displacement on top corner of the specimen. No figures are reported in that case for the sake of brevity, but this 
procedure allowed the ME of the FE model subjected to diagonal compression to be estimated as in the case of 
axial compression. The mean and CoV of that ME in terms of horizontal displacements were 1.30 and 42%, 
respectively. 
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Fig. 7 – Experimental versus mean numerical load–displacement curves related to diagonal compression 
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Fig. 8 – Comparison between (a) observed cracks and (b) deformed shape related to diagonal compression 
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Fig. 9 – Monitoring of horizontal stresses in the numerical model subjected to diagonal compression: (a) finite 
elements selected; (b) comparison between horizontal stresses and mean tensile strength of the case-study AM 
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5. Sensitivity analysis of adobe masonry models 
The mechanical properties that primarily affect the nonlinear behavior AM panels in axial and diagonal 
compression were investigated. The experimental variability of compressive strength, tensile strength and 
Young’s modulus was taken into account. Material properties were uniformly increased or reduced according to 
their CoV. In the case of axial compression, an asymmetric sensitivity of the load–displacement curve was found 
by reducing and increasing compressive strength of 32% (Fig. 11a). Indeed, the peak resistance reduced of 24% 
and increased of 46% as a result of 32% reduction and increase in fc, respectively. 
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Fig. 10 – Sensitivity of axial compressive response to: (a) compressive strength, (b) tensile strength and (c) 
Young’s modulus 

An intermediate level of increase in compressive strength, that is +16%, was considered as additional case which 
produced an increase in peak resistance of approximately 8%. Therefore, the experimental range of load–
displacement curves was almost totally reproduced by considering a compressive strength between its mean and 
mean plus standard deviation. The initial stiffness was rather insensitive to fc, whereas a more brittle behavior 
was found when the maximum increase in fc (i.e. +32%) was assumed. This is compatible with more softened 
response of W5 specimen that sustained the highest level of axial compressive load. Small variations in the 
numerical load–displacement curve were obtained when tensile strength was increased of up to 65% (Fig. 11b). 
In that case, a more gradual attainment of peak resistance at larger displacements was basically the only 
difference between the load–displacement curve corresponding to the highest level of tensile strength and that 
related to mean properties. A significant reduction in peak resistance (i.e. –50%) was found when ft was reduced 
of 65%, also showing a lower level of initial stiffness and brittle behavior. A 32% increase in Young’s modulus 
induced a stiffer prepeak response, resulting in higher peak resistance (Fig. 11c). Almost the same increase was 
found when E was reduced of 32%, but the prepeak response was characterized by a lower stiffness as expected. 
Figs. 12a–c show variations in load–displacement curves related to diagonal compressive loading. As fc was 
increased of 32%, peak resistance increased approximately of 19% (Fig. 12a). Conversely, a 29% reduction in 
peak resistance was found when fc was decreased. 
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Fig. 11 – Sensitivity of diagonal compressive response to: (a) compressive strength, (b) tensile strength and (c) 
Young’s modulus 
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Tensile strength also played a major role in determining the load–displacement curves under diagonal 
compression (Fig. 12b). As ft was increased and reduced of 65%, peak resistance rose of about 33% and reduced 
approximately of 59%. Nonetheless, the overall shape of prepeak and postpeak branches of load–displacement 
curves did not significantly change when ft was increased, whereas a more brittle behavior was found when ft 
was reduced. Such an outcome shows that statistical variability in tensile strength of the case-study AM is too 
large to reproduce the dispersion in load–displacement curves. Finally, positive and negative variations in 
Young’s modulus produced different changes in the load–displacement curve related to diagonal compression. 
As E was increased, the overall behavior did not substantially deviate from that related to mean material 
properties. By contrast, as Young’s modulus was reduced of 32%, a substantial reduction in stiffness was found. 
For instance, if elastic stiffness is conventionally measured at one-third of peak diagonal compressive load, the 
reduction in stiffness was approximately equal to –161%. 

 
6. Stochastic finite element analysis of adobe masonry models 
The sensitivity analysis was the first step towards a more refined numerical investigation based on the stochastic 
finite element method. Material properties were then assumed to be Lognormal RVs having spatial variability 
within adobe masonry. That strategy was used to model the inhomogeneity of the masonry under study. Two 
alternative types of stochastic representations for material properties were considered as follows: simplified 
stochastic FE modeling (SFEM) and advanced stochastic FE modeling (AFEM). In the former, the spatial 
variability of material properties was lumped into single brick units, each of them fictitiously expanded to the 
middle of mortar joints. The latter consisted of spatially distributed material properties for all finite elements. 
Any set of RVs for each ‘expanded’ brick unit (in case of SFEM) or finite element (in case of AFEM) was 
randomly generated through Monte Carlo simulation according to the experimental CoV. In particular, the 
SFEM strategy led to 27 realizations of compressive strength, tensile strength and Young’s modulus, namely a 
number equal to that of the expanded brick units, each of them was considered as a ‘part’ of the model into LS-
DYNA software. Each part was labelled through an identification code, allowing a direct association between 
mechanical properties of each part and their randomly generated values. Fig. 13a shows one of the random 
models of AM specimens subjected to axial compression in which the parts were denoted by different colors. 
Each brick unit was composed of 300 finite elements. A more continuous representation of spatial variability of 
material properties was obtained through the AFEM strategy (Fig. 13b). In that case, a total number of 63,000 
realizations of RVs was randomly generated and assigned to the finite elements. 

          
                                                   (a)                                                                       (b) 

Fig. 12 – Stochastic finite element models: (a) SFEM; (b) AFEM 

An interesting issue was to assess the ability of SFEM and AFEM to capture the experimental load–
displacement curves through a limited number of simulations, which was set to 10. It is noted that tensile 
strength was assumed to have a dispersion lower than that experimentally evaluated in 65% (see Table 1). That 
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hypothesis was consistent with findings of previous sensibility analysis. In that respect, tensile strength was 
considered as a RV correlated with compressive strength, according to the study by Caporale et al. [13]. Mean 
tensile strength was then set to 36% of compressive strength with CoV = 15%, given that the case-study AM was 
made of unreinforced adobe bricks. Figs. 14a and 14b show a comparison between experimental and numerical 
load–displacement curves in the cases of SFEM and AFEM, respectively. It was found that even a very small 
number of AFEM simulations allowed the experimental behavior to be roughly captured (Fig. 14b). That was not 
the case of SFEM simulations in terms of peak load (Fig. 14a), indicating that a significantly larger amount of 
simulations should be run. 
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Fig. 13 – Numerical-experimental comparison between experimental and numerical load–displacement curves: 
(a) SFEM; (b) AFEM 

 

7. Conclusions 
In this study, a nonlinear macromechanical FE model of Aveiro’s adobe masonry has been proposed. The 
numerical model was developed on the basis of the soil-and-foam material model available in LS-DYNA 
software, which has been previously used to simulate the mechanical behavior of other masonry types. Material 
behavior was modeled according to past experimental results. The FE model was validated in two different 
loading and boundary conditions corresponding to axial and diagonal compression tests, in order to assess its 
numerical robustness. A satisfactory numerical-experimental agreement in terms of load–displacement curves 
and crack patterns was found. The models with mean properties allowed the initial stiffness, peak resistance and 
softening behavior to be reproduced fairly well. The sensitivity of load–displacement curves to compressive 
strength, tensile strength and Young’s modulus was investigated. The overall failure of adobe masonry was 
governed by compressive and tensile strengths, whereas Young’s modulus played a minor role under the loading 
conditions considered. Finally, the spatial variability of material properties within the adobe masonry 
assemblage was modeled through both simplified and advanced stochastic FE models. It was found that even a 
very small amount of Monte Carlo simulations integrated with the advanced stochastic modeling strategy 
allowed the experimental load–displacement curves to be captured. Such an outcome was not confirmed in the 
case of simplified stochastic models because spatial variability of material properties was lumped into a few 
elements, namely the expanded brick units of the masonry. 
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