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ABSTRACT 

 

The superadobe is a construction technique that consists on building using bags filled with soil 

and adding barbwire between the courses. It is a simple, durable, sustainable, and affordable 

technique that has increased in popularity over the last years. Moreover, a remarkable effort was 

performed in the past years in order to analyse the structural behaviour and characterize the 

mechanical properties of these constructions. However, since it is a relatively recent technique, 

no previous studies of complete structures have been performed using numerical strategies and 

there is still a lack of knowledge regarding its structural response. 

Consequently, the present thesis attempts to analyse these type of structures using the finite 

element method, assessing its suitability and applicability to the superadobe. For this purpose, 

several models of both walls and arches are studied, subjected to different load dispositions and 

considering three construction types, plain, adding barbwire and stabilizing the infill. 

Initially two possible constitutive models are considered, Mohr Coulomb and Total strain crack 

based, and they are evaluated and compared in order to select the most suitable for all the cases 

studied. Afterwards, all the analyses are performed and calibrated to match the results obtained 

from the experimental campaigns developed in the University of Bath by Pelly (2009), Vagdama 

(2010) and Croft (2011). Finally, a sensitivity analysis is also carried out to examine the influence 

of certain parameters, which had to be adjusted during the analyses, into the structural response 

of the models. 
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RESUMEN 

 

El superadobe es una solución constructiva que consiste en la utilización de bolsas rellenas de 

tierra apisonadas a las que se les añade alambre de espino entre ellas para aportar cohesión y 

Resistencia a tracción al conjunto. Es una técnica simple, duradera, sostenible y asequible cuya 

popularidad ha ido creciendo durante los últimos años. Además, recientemente se ha realizado 

un notable esfuerzo con el fin de analizar el comportamiento estructural y determinar las 

propiedades mecánicas del superadobe. No obstante, al tratarse de una técnica relativamente 

nueva, no se han desarrollado aún estudios de estructuras completas utilizando estrategias 

numéricas, y existe todavía una carencia de información en lo que respecta a la respuesta 

estructural de estas construcciones. 

Por consiguiente, la presente tesis tiene como objetivo el análisis de estas estructuras utilizando 

el método de los elementos finitos, evaluando su compatibilidad y aplicabilidad al superadobe. 

Con este fin, se estudian varios modelos, tanto de muros como de arcos, sujetos a diferentes 

disposiciones de carga y considerando tres tipos de construcción, simple, añadiendo alambre de 

espino y estabilizando el relleno de las bolsas. 

Inicialmente se consideran dos posibles modelos constitutivos, Mohr Coulomb y Total strain crack 

based, se evalúan y comparan a fin de seleccionar el que más se adecúa a todos los casos 

estudiados. Posteriormente, se llevarán a cabo y calibrarán todos los análisis para hacer coincidir 

los resultados con los obtenidos en las campañas experimentales desarrolladas en la 

Universidad de Bath por Pelly (2009), Vagdama (2010) y Croft (2011). Finalmente, también se 

realizará un estudio de sensibilidad para examinar la influencia de ciertos parámetros, que han 

debido ser ajustados durante los análisis, en la respuesta estructural de los modelos. 
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SYMBOLS 
 

 

  

 

 

 

 

 

 

 

 

 

τ        Shear stress 

c0      Cohesion 

σ       Compressive stress 

φ       Friction angle     

fc       Compressive strength 

ft        Tensile strength 

L0       Initial perimeter 

ΔL Change in the perimeter 

x        Vertical deformation of earthbag 

B0      Initial width of earthbag 

H0       Initial height of earthbag 
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1. INTRODUCTION 

1.1 Motivation 

The earthbag technique, which consists on building with bags filled with soil of the place, has 

been used historically for temporary proposes such as military protections or flood contentions. 

However, it was not until Nader Khalili presented the superadobe technique in a NASA 

symposium that they started being considered as a construction method for habitable houses 

(figure 1.1). From this moment, their popularity has only increased with time, becoming an 

interesting option to provide quick, durable and affordable housing for refuges and for areas with 

low incomes. Moreover, due to their sustainable approach, the technique has been generally well 

received in a society, which is increasingly more involved and respectful with the environment.  

However, even if the technique has evolved and improved since its conception, the construction 

is still based on simple empirical rules. Although the simplicity in the design and construction is 

an advantage, making the technique approachable to anyone who decides to build with it, it also 

shows an uncertainty regarding the structural behaviour of these constructions. This lack of 

knowledge limits the possibilities of the technique to shapes and dimensions that are known to 

be safe from the experience. 

 

Figure 1.1 – Earthbag house at Cal Earth (left), finished house integrated in the landscape 

(right) 

 (Cal-Earth Institute) 

 

In the last years, an important effort has been made to understand the behaviour of these 

constructions and characterise their mechanical properties. For this purpose, several 

experimental campaigns have been recently developed and have been proposed to try to predict 

the response of the superadobe. However, the attempts of creating numerical models have been 

limited so far to the reproduction of the behaviour of a single bag using a micromodel. Realising 

this, this thesis proposed the study of the general behaviour of earthbag structures using the finite 

element method. 
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Therefore, after studying the point of knowledge that has been reached for these structures, it 

was seen that no previous studies of complete structures have been performed using numerical 

strategies. Consequently, this thesis proposes the analysis of several models, with different 

loading dispositions and chosen to be easily compared with experimental results, using the finite 

element method in order to assess its suitability to reproduce the behaviour of these structures. 

.   

1.2 Objectives 

Taking into account what was exposed previously, the objective of this thesis is the development 

of simplified numerical models capable to simulate accurately the behaviour of the earthbag 

structures. A secondary objective is the assessment of the applicability of different analytical 

methods normally used in masonry to the superadobe. 

To achieve this purpose, the study analyses several models of walls and arches subjected to 

different loading and boundary conditions to consider all the possible cases that can occur in a 

real structure. Moreover,  three types of earthbag constructions will be examined: plain, adding 

barbwire and stabilizing the infill of the bags. 

The wall models are analysed using two different constitutive models in order to evaluate the 

suitability of each one of them to the superadobe. The arch models are also studied by using 

graphic statics and limit analysis, and all methods are compared to examine their applicability to 

earthbags. 

For both walls and arches, t the different parameters will be analysed to develop the numerical 

models in order to identify which characteristics control the behaviour of the model under certain 

conditions. Finally, a sensitivity analysis will be performed to determine the influence of the main 

parameters on the structural response of the model.  

 

1.3 Methodology 

In order to achieve the objectives presented in the previous point the steps bellow will be followed: 

� The previous studies about the topic will be studied to achieve a better understanding of 

the material and select the most complete experimental campaign as a reference to 

compare the numerical results. 

� Proper loading and boundary conditions will be applied to the model in order to match as 

well as possible the original set up of the experiments. 

� A comparative study between different constitutive models will be conducted to select the 

most suitable one to continue the analyses. 

� The analyses will be carried out of the wall and arch models by calibrating the parameters 

needed to simulate accurately the real behaviour of the superadobe. 
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� With the information obtained in the calibration process,  a sensitivity analysis will be 

conducted by examining the influence of main parameters in the structural response of 

the models. 

� Finally, for the case of the arches, they will be analysed also with two different methods, 

graphic statics and limit analysis, to evaluate the applicability of each one of them. 

1.4 Layout of the thesis 

In the current chapter the thesis is presented, introducing the general objectives and the 

methodology followed throughout the work process.  

 

The second chapter exposes the earhtbag technique in detail: the construction, geometry, 

materials, and possibilities of application, as well as a review of the previous studies to stablish 

the current knowledge on the subject.  

 

The third chapter studies the behaviour of earthbag walls. The numerical models developed with 

the software DIANA are presented, analysed and compared with the experimental campaign 

taken as reference.  

 

The fourth chapter focuses on the study of earthbag arches. Three analyses methods are used 

and compared to evaluate their applicability to earthbag structures. Moreover, it presents the 

numerical models analysed with the finite element method. 

 

The fifth chapter presents the conclusions drawn from the study performed in chapters 3 and 4, 

as well as several possibilities for future investigations.  
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2. STATE OF THE ART 

2.1 Introduction 

Even though the construction with earthbags has been historically used for structures such as 

trenches or temporal dikes, these structures always had a provisional use and were dismantled 

when they were no longer needed. This limitation to a temporary use might be due to the lack of 

knowledge of the mechanical properties of these constructions, together with their eventual 

deterioration when exposed to the weather conditions, principally to the sunlight, for a long period.  

One of the pioneers in this technique was Gernot Minke, architect, professor of the University of 

Kassel (Germany) and director of the Building Research Institute. Expert in earth constructions, 

he has analysed and experimented with different antiseismic earth construction techniques in 

South America (Guatemala, Chile and Ecuador). In 1977, he investigated the use of textile 

elements filled with clayey soil, pumice, or sand. In the figure (2.1), it is seen the construction 

process of this technique, that consisted on filling jute tubes with earth thanks to a funnel. 

Subsequently, the course was place in U shape and fixed vertically with thin bamboo sticks. 

Finally, to avoid putrefaction, stabilize the structure, and waterproof it, the structure was painted 

with lime.  

 

Figure 2.1 – Constructive process of a wall with textile tubes in Guatemala, (Gernot Minke 

2001) 

 

However, who is considered the inventor of superadobe is Nader Khalili, Iranian architect trained 

in Iran, Turkey, and United States, who is also the founder of the Geltafan foundation and of the 

Cal-Earth institute in California. Nader Khalili presented for the first time the ‘Velcro-adobe’ in 

1984 for the NASA’s first symposium on lunar bases and space activities, where different projects 

were presented for the construction of bases on the moon using the materials available in the 

place. ‘Velcro-adobe’ is a constructive solution that uses the moon dust introduced in flexible bags 

placed one over the other and joined together with barbwire, ‘Velcro’, forming small corbelled 

domes that can be built without the need of formwork or centring. 
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Thanks to the easy construction of this type of buildings, to its low cost and to the use of simple 

and affordable materials, the superadobe project continued improving and was implemented as 

the construction system for the creation of refuges and emergency houses (figure 2.2). The 

project was made in collaboration with the United Nations Development Programme (UNDP) and 

with United Nations High Commissioner for Refugees (UNHCR). One of the improvements on 

this project was the use of continuous bags filled in place, saving time of construction (figure 2.2). 

 

Figure 2.2 – Emergency refuges (left), superadobe house built with continuous tubes (right) 

(Cal-Earth Institute, Nader Khalili) 

 

In 1991, Nader Khalili founded the Cal-Earth Institute, where they continue developing the 

technique and investigating possible improvements through the construction and analysis of 

different prototypes. Furthermore, the Institute has also other functions, such as diffusion of 

information about the new technique or teaching some easy empirical rules so anyone that wants 

can build a superadobe dome in a correct and safe way. 

One of the most important improvements of this technique, comparing to the traditional earth 

buildings, is its resistance to earthquakes. Due to its shape, the dome works as a monolithic 

element, and to its floating foundation, isolated through a layer of gravel, this type of constructions 

have a good behaviour under a possible earthquake. This characteristic was proved when two 

prototypes built in Hesperia, in the Cal-Earth Institute, passed the restrictive anti-seismic 

regulations of the state of California, and acquired the permission to build houses with this 

technique. 

 

2.2 Earthbag structures 

The earthbag technique is considered a flexible form variation of rammed earth. It consists on 

filling woven bags or tubes, which act as permanent forms, with moisture earth. The bags are 

placed in courses and tamped, obtaining more even and compact elements. Afterwards, they are 
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stacked one over the other using two strand of barbwire as mortar between them creating walls 

or domes as designed. 

The main advantage of this type of structure is its simplicity, since both the materials and tools 

are very accessible even in areas with limited technology and low income. Moreover, the 

construction technique, based on some basic empirical rules, is easy to learn and to be 

implemented by people with no construction experience.  

Other advantages of this construction technique are: On the one hand, the tensile strength 

provided by the bag and the barbwire, which improves the overall behaviour of the structure. On 

the other hand, the increase of possible type of soils that can be appropriate for construction 

thanks to the use of the bags that contain the soil and remove the need of a cohesive infill to keep 

the material together, as occurs in the rammed earth or in the adobe. 

 

2.2.1 Materials 

The basic materials needed for the construction with superadobe are mainly three: earth, bags 

and barbwire. However, even if its use is very limited, timber should also be considered as an 

essential material for these structures, since it is required for the creation of doors and windows.  

 

Earth 

Earthbag constructions were conceived as a sustainable and adaptable technique, which could 

be built using the materials available in the place of construction. For this purpose, the technique 

is based on the use of earth as its main construction material, and the initial idea was to use as 

infill the soil excavated from the site.  

However, depending on the properties of this soil, it might have to be stabilised in order to improve 

its mechanical properties. A good soil for this constructions should have around a 30 percent of 

clay, which provides cohesion to the infill, and should be balanced with sand and coarse gravel, 

which give stability and compression strength. In case of not having this type of soil in site, it can 

be treated in several ways depending on its characteristics. 

Firstly, if it is a sandy soil it is recommendable to moisture it to make it more stable and easy to 

compact, moreover, it can be stabilised with cement or lime to ameliorate its properties. In the 

opposite scenario of having an important percentage of clay in the soil, it could be stabilised with 

lime, or else, it could be separated for its use as earthen plaster. It is also important to prevent 

the use of the topsoil, which may content organic material that can provoke problems in the 

structure in the long term. Finally, it should be added the correct quantity of water in order to 

achieve better compaction and to increase the cohesion capacity of the clay that ultimately will 

increase the compression strength. 
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Bag 

The bag is used as a flexible form that contains the earth and allows it to be placed and tamped. 

It is very important during the construction process since it enables to continue building without 

having to wait to the infill to cure and it provides tensile strength to the structure.  

The bags used for these constructions are mainly of two types of materials: burlap or 

polypropylene.   Burlap bags are a natural woven material, which will biodegrade with time, 

making it more sustainable than the polypropylene bag. This means that the initial tensile strength 

provided by the bags will disappear with time, but also that while the bags are disappearing, the 

infill of the different courses is welding, creating a monolithic structure which will improve its 

behaviour with time.  Polypropylene bags are made of woven threads of plastic, they are not 

biodegradable and vulnerable to sun damage, and therefore, it is important to protect them before 

they start deteriorating. If it is necessary for construction to prolong the time of exposure without 

damage, it can be used a double bag. Propylene bags are also breathable fabrics, which will allow 

the infill to cure and dry. 

Both polypropylene and burlap bags can be found as single bags or tubes. Single bags are 

commonly more use when building rectangular buildings and continuous bags when building 

domes, as it is seen in figure (2.3), but they can be use indistinctly. However, the tubes have 

several advantages such as being quicker to build, since there is no need to close every bag, and 

providing more lateral confinement.  

 

Figure 2.3 – Rectangular construction with single bags (left)(Truexcullins 2013), dome 

construction with tube bags (right)(Cal-Earth) 

 

Barbwire 

Normally, between each two courses of earthbags  two strands of four points barbwire, made of 

galvanised steel, are placed . After adding the next course and tamping, it acts as the mortar of 

the earthbag structure, adding cohesion and joining strongly together the two courses. It provides 

tensile strength and improves the behaviour of the structure when subjected to tractions and 

horizontal loads, increasing the friction between bags. Furthermore, it improves the lateral 

confinement of each course decreasing the traction tension transferred to the bag. 
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A part for the improvements that the barbwire provides to the structural behaviour of the buildings, 

it is also an important element in the construction phase, especially for domes. During the 

construction of corbelled domes, there is a moment of instability when one course is stepped in 

with respect to the other. At this point, the barbwire helps to keep the equilibrium giving the stability 

that is normally provided by the mortar. 

 

Timber 

Even though earthbag constructions were conceived to avoid as far as possible the use of wood 

because it is not a material so easy to achieve, it is still needed for certain parts of the buildings. 

In the case of the domes, it will just be used to create the formworks for doors and windows, 

however, for rectangular buildings it will also be needed for the construction of the roof. 

 

2.2.2 Geometry 

As this constructive technique has increased in popularity, different shapes and materials have 

been experienced, but always following some simple empirical rules in order to build safe 

structures. These ‘rules’ may vary depending on the place where the project will be built, the type 

of earth and bags available, the climate, etc. 

The most common shape to build with earthbag is the corbelled dome. This shape is not aleatory, 

corbelled domes have certain characteristics that make them more suitable to be built with 

superadobe than other geometries.  

Since the earthbags have no mortar between rows to tie them together, they cannot be placed in 

angle without the use of a form, which will increase significantly the cost of the structure. However, 

this is not a problem in the case of corbelled domes as all the courses lie flat and they are steeped 

inwards in every row until the dome is closed. This characteristic way of construction will result in 

a more steepen dome with a pointed arch shape, as it is seen in figure (2.4). 

Figure 2.4 – Regular dome (left), corbelled dome (right)  

 

In order to create a bigger liveable space, first, it is built a cylinder to gain useful height and over 

it, it will start the construction of the dome. The course where the dome starts is called spring line 

and it is a critical point of the structure that needs to be reinforced with buttresses or with a tension 

ring. There are two ways of buttressing the dome, as it is shown in the figure (2.5). The easiest is 

to start the spring line below or close to the ground level by excavating the cylinder, this way no 
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buttresses will be needed since the ground provides the effect of a natural tension ring. Another 

solution is to build buttresses until approximately 50cm over the spring line.  Another way of giving 

more stability to the structure, a part of adding buttresses, is to steepen the profile of the dome, 

which will help to direct the gravitational forces more vertically instead of down to the sides. 

Figure 2.5 – Types of buttressing of an earthbag dome 

 

Another advantage of this shape is a better behaviour in seismic and high wind areas due to its 

symmetrical and compact shape. In addition, it is very convenient for dry hot climates with short 

violent storms, since the shape will evacuate the water very easily. 

Nevertheless, earthbags can be also used to build houses with straight or curved walls. For this 

type of geometry, it is preferable the construction with curved walls, which are self-supporting and 

more stable under out of plane loads than straight walls, which will need to be reinforced in order 

to gain stability. For this purpose it is important the addition of perpendicular bracing to improve 

their out of plane behaviour, but also the use of buttresses and interlocking in the corners.  

 

2.2.3 Construction 

Before starting the construction, it is important to make an evaluation of the site and the soil in 

order to analyse if the place is suitable for the construction with earthbags and to propose the 

best solution possible for the characteristics of the place. This is especially critical to decide the 

type of foundation needed for the project and to understand the properties of the soil and asses 

if it is valid to be used in the construction or if it needs to be stabilised. 

After performing a soil test to determine the adequate proportions for the infill, the construction 

starts by defining the geometry of the building. If it is a rectangular conventional building, the 

geometry will be set using string lines. However, if it is the case of a dome, it will require the use 

of two compasses: a central compass to determine the reduction of the radius with height, and a 

height compass to determine the variation of the vertical curve, as it is seen in the figure (2.6). 
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Figure 2.6 – Compasses used for the construction of domes (Left_Kaki Hunter and Donald 

Kiffmeyer 2004, right_Kirk Nielsen) 

 

Once the geometry is defined, we can proceed to excavate the trench for the foundation. The 

trench’s depth depends on the frost level and the floor conditions, but normally it will be of at least 

30 cm, and 15 cm wider than the width of the bags that will be used for the construction. The 

trench will be filled with a first layer of 5 cm of gravel, and subsequently, the first courses of 

earthbags will be placed. These first bags, until at least 30 cm over the ground level, should be 

filled with gravel or else should be stabilised, to act as insulation of the building and prevent the 

ascension of water by capillarity. In addition to this, a moisture barrier is also normally placed until 

the top of the stem wall. In the case of building in a seismic area, Nader Khalili proposed a solution 

to isolate the building by placing a layer of sand between the bedrock at the base of the building, 

allowing it to move during earthquakes.  

The construction continues placing the first course filled with the mix of soil that was previously 

determine. If it is built with single bags, especial attention has to be made to the lateral connection 

between one bag and the next, making it as regular and vertical as possible to create a good 

contact surface. Another difference between the use of single bags or tubes is their way of 

construction, tubes should be filled in place, which will be quicker to build but need the contribution 

of at least two persons, while single bags are firstly filled and closed and later they are put in 

place. 

After finishing one course, the next step consist on tamping it in order to compact it and making 

it even, as it is seen in figure (2.7). This will create a flat surface where the next row will be placed. 

Before continuing with the next course, it is important to control the height and the diameter of the 

row to check if some irregularity must be corrected in the next row. Moreover, in order to join 

strongly together the two courses, two strands of barbwire are placed in between courses.  
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Figure 2.7 – Tamping of the courses once they are in place (Kaki Hunter and Donald Kiffmeyer 

2004) 

As explained before, these types of constructions need buttresses to support the horizontal 

stresses at the base of the dome. These elements will arrive at least half meter higher than the 

spring line, and there will be connected to the walls thanks to the barbwire. In case of building a 

rectangular geometry, which also needs buttressing, the connection to the walls can be done by 

interlocking the bags. 

The construction continues the same way, placing the provisional formworks for doors and 

windows in their correct position and stepping inwards each row until the dome is closed. If the 

building has a rectangular geometry, the roof will be built in a traditional way, normally using 

timber. 

Finally, to complete the building, since the earthbags are vulnerable when exposed to sunlight, 

they should be covered with a layer of render. This could be an earthen plaster or it can be 

stabilised to make the building more durable and resistant to moisture. 

 

2.2.4 Advantages and disadvantages 

The main advantages of this construction technique are the low cost and quickly construction 

together with the durability of the resultant buildings. The technique was conceived with the 

principal idea of using the materials available on site and, even though this is not completely 

possible, the materials that cannot be found on the place are very easy to find for a very low price. 

Furthermore, the technique not only wanted to be affordable, but also to be durable and easy to 

build. For this purpose, the earth, material widely used in traditional architecture and that has 

proven to be very durable, was chosen as the main material. In addition, the use of barbwire 

provides the building of tensile strength, which is considered to be zero for earthen buildings, 

making them appropriate even in seismic areas. Moreover, to simplify the construction process, 

the conventional formworks were substitute by bags that will act as flexible formworks and reduce 

the price and time of the construction. These characteristics make this technique very suitable for 

the construction of refuges that need to be built quickly and to be safe, as well as for houses in 

areas with very low incomes. 
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Another advantage of these constructions is its sustainability. Using materials from the place 

helps to preserve the ecosystem and to integrate the project better in the landscape, as it is seen 

in the figure (2.8 left). It also reduces the cost of transport, only needing to acquire the bags and 

the barbwire. Although the production process of not biodegradable bags and of the stabilisers 

used generate damaging gases for the atmosphere, the proportion of use of stabilisers is very 

low compared with other types of constructions, and propylene bags can be recycled and reused 

for another buildings.  Furthermore, the manual construction process avoids further 

contamination.  

Regarding the habitability, it should be highlight the good energetic performance of the building, 

which helps creating a comfortable and liveable ambience inside. As it happens also in the 

traditional earthen constructions, the thick walls sometimes half buried have a great thermal 

inertia, which helps to maintain a cool ambience in summer and to conserve the heath in winter. 

Moreover, the earth is a breathable material, which will allow the moisture to escape through the 

walls, becoming a natural regulator of humidity. Furthermore, the geometry of the dome, which 

have a small surface to interior space ratio (figure 2.8 right), is ideal for energy consumption since 

it requires less energy to heat and cool the space than a conventional geometry.  

 

Figure 2.8 – External view of a dome (left)(Cal-Earth), internal view of the dome (right)(SSH 

Design Oman) 

 

Nevertheless, there are also some disadvantages to take into account before deciding to build 

with this construction technique. Firstly, the small dimensions that can be achieved with this 

technique limit its application to single-family houses or small complexes obtained by 

interconnecting several domes. Secondly, since it is a relatively new technique, there is still not 

mention of earthbag structures in the current building codes. 

 

2.2.5 Previous studies 

(2003) Matsuoka y Liu 

They investigated the implementation of the soil bag technique as a reinforcement for foundations 

under railways, foundations on weak soils and retaining walls. To do so, they performed tests 

applying a vertical load, with a foot, to aluminium rods, which are wrapped with a sheet of 
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Japanese paper that acts as reinforcement in tension. In this test, it was observed that the part of 

rods that is inside the paper is more rigid and deforms as if it was part of the foot. This 

phenomenon happens because the external forces applied to the rods exert a tension over the 

paper sheet, which at the same time, exert the same stress but reverse over the rods, as it can 

be seen in figure (2.9). 

Theoretically, they used the Mohr Coulomb model to estimate the failure loads and experimentally 

they performed biaxial compression tests where they varied the angle of application of the force 

from 0º to 90º. It is deduced that by analysing the model in 2d the failure load is underestimated, 

since in reality the confinement effect would be in 3d. Moreover it was remarked that the 

compressive strength of a soil bag is limited by the tensile strength of the bag and that the 

apparent cohesion, produced by the bag’s tension, decreases with the increase of the inclination 

angle of the load applied. Finally, it was demonstrated that the use of a textile wrapping improves 

considerably the resistance of a weak soil foundation. 

 

Figure 2.9 – Aluminium rods wrapped (left), stress acting on 2d soil bag (right) 

 

(2006) Dunbar 

A series of experimental tests were performed with the objective of determining the compression 

strength of polypropylene earthbags. The tests were conducted stacking three bags of 

polypropylene that were subjected to a vertical load in compression until failure, considering as 

failure the tear of the bag provoking a sudden drop on the resistance of the earthbag (figure 2.10). 

For this study, three types of infills were analysed, sand, rubble and dirt, and both the resistance 

stress and the deformation were measured. 

The analysis showed a compression strength of 0.29 MPa for the sand bags, 0.39 MPa for the 

rubble bags and for the dirt bags only 3 out of the 9 bags tested failed, resisting in the end 2.14 

MPa, the maximum capacity of the equipment. In all cases, the failure mode was the tear of the 

bag in the middle in two longitudinal lines on the top and bottom surfaces of the bag. Furthermore, 

it was observed that a great deformation of more than the 30% occurs in all the analysis, and 

even higher in the case of the dirt infill. Therefore, the deformation could be considered as a 

critical factor in the construction with earthbags. 
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Figure 2.10 – Compression test set up (left), tearing of the bag (right) 

 

(2006) Lohani 

Lohani et al. analysed the resistance of earthbags in both compression and shear, performing a 

series of experiments in real scale. The influence in the mechanical properties of several factors 

that may vary in the construction with superadobe was also assessed. The studied factors for 

compression were: initial tamping of the earthbag, type of material of the bag, type of material of 

the infill, relation between height and width of the pile and the application of preloading.  As for 

the shear tests, the direction of application of the load was analysed as well as the influence of 

placing a geomesh between each bag. 

Analysed factors in the compression tests: 

 

• Influence of initial tamping of the earthbags:  

An increase in the initial stiffness was observed comparing to the tests performed without initial 

tamping. Moreover, contrary to what normally happens in other geomaterials, the young modulus 

increased with the greater deformations. This behaviour showed that the lateral confinement 

pressure that acts on the infill rises with the increase of the vertical load. 

When the earthbag had not been previously tamped the initial resistance increased slowly, 

however, it was necessary a great deformation to reach the ultimate compression resistance. This 

characteristic of the superadobe implies a difficulty in case of using this material within a structure 

that requires small deformations. 

 

• Influence of H/W ratio: 

By analysing a pile of 14 bags, it was seen that the failure is caused by the rupture in tension of 

the bag, contrary to what was observed in the tests of 4 bags. Furthermore, lower values of 

compression and stiffness resistance were obtained if compared with the values for shorter piles. 

This proved that the real resistance and stiffness of the material was affected by the restrains 
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effects of the supports, which effect increases as the height of the pile decreases. Therefore, it 

was concluded that to obtain reliable results, not conditioned by the restrains effect, the ration 

between height-width of the pile should be higher or equal to 2. 

 

• Influence of the type of bag: 

The stiffness of the earthbag increases with the stiffness of the bag, however, when it is previously 

tamped, the increase in the stiffness for small deformations is negligible. Nevertheless, as it has 

been previously observed, for H/W ratios higher than 2-3, the rupture in tension of the bag controls 

the failure of the earthbag. Moreover, the earthbags can reach great lateral deformations before 

failing. Consequently, the resistance in tension of the bag becomes an important value for the 

resistance of the earthbag. 

 

• Influence of preloading: 

At small deformations, earthbags that have not been compacted have a low initial stiffness due 

to the low tensile force induce to the geosynthetic sheets of the bags. By applying a vertical 

preload before running the experiment, it was seen that the initial stiffness increases during the 

second loading cycle, being this increment more remarkable at smaller stress levels. 

 

• Influence of the type of infill: 

From the analysis of the different factors that may affect the shear behaviour, a great influence of 

the vertical load applied was observed, which increment increases both the stiffness and shear 

resistance of the earthbag. Moreover, an influence of the type of infill was seen in the results, 

most specifically, of the particle size of the infill. 

 

In the figure (2.11), it is shown the Mohr Coulomb failure model adjusted to the earthbags. It is 

easily remarked the difference between shear resistance and compression resistance. This is 

attribute to the anisotropic characteristics of resistance and deformation of the material. 

 

Figure 2.11 – Failure envelops from unconfined vertical compression and shear 
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(2007) Tantono 

The behaviour of an earthbag subjected to compressive loads was studied analytically and 

numerically. The study was focused on the interaction between the bag and the soil, analysing 

two different interface behaviours: frictionless and interlocked interface. 

A part from investigating the model with rectangular section (Matsuoka and Liu 2006), he 

proposed and analysed a model with semi-circular endings (figure 2.12). In the rectangular 

analytical model, several simplifications were assumed: the compression stress ratio is constant 

and the volume does not change. Plain strain condition is considered, as well as frictionless 

interface between the soil and the bag. 

The circular model assumed the same premises of the rectangular model, just changing the shape 

of the lateral endings and the distribution of the stress ratio of the soil, considering a different 

stress ratio in the middle and in the ends (K=3 in the middle and K=1 in the semi-circular part).  

Figure 2.12 – Rectangular (left) and semi-circular (right) model schemes 

 

Tantono concluded that the ratio of deformed perimeter to initial perimeter and the ratio of vertical 

displacement of an earthbag vary non-linearly. Moreover, due to the different distribution of stress 

ratio, Tantono’s model produced a higher stress for the same vertical displacement than the 

rectangular model, which means that it failed at a lower load. Furthermore, with the analytical 

study he exposed that an increase of the stress ratio provides a stiffer earthbag with higher 

compressive strength. Therefore, a fill with higher friction angle will increase the compressive 

strength of an earthbag. 

In order to validate his previous assumptions, also numerical investigations using finite elements 

were performed (figure 2.13). The behaviour of the soil was described with a micro-polar hypo 

plastic model, with which it can model the rotation resistance at the interface, and the textile 

material with an elastic-ideally plastic model. 
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Figure 2.13 – Scheme of the FEM model performed by Tantono 

 

As conclusion, it was observed that the interaction between the bag and the soil has a big 

influence on the stress/strain distribution in the textile material and on the shear strain of the soil, 

which is more homogeneous in the case of frictionless interface. Moreover, it was seen that in the 

model with interlocked interface fails earlier than the frictionless interface. 

 

(2008) Daigle  

A series of laboratory tests were performed with the aim of characterising the load/deflection and 

ultimate strength of earthbags with respect of the type of soil, the bag size and the bag pile height, 

which is seen in figure (2.14). Three different type of infill that could be used in earthbag 

construction were studied: firstly crushed granite, used mainly for foundations since it is almost 

unaffected by the presence of moisture. Secondly topsoil, which principal drawback is its high 

organic content that will eventually decompose decreasing the strength of the structure. Finally, 

a mixture of topsoil and sand was tested in order to examine the influence of the addition of a 

20% of sand in the infill.  

 

Figure 2.14 – Experimental set up of compression tests for different height piles 

 

The failure of the material was defined as the point where the bag tears enough to cause loss of 

fill material. By comparing the different type of infills, it was seen that the granite filled specimens 

failed at lower loads than the other two, due to the abrasion of the bags produced by the sharp 

edges of the infill.  
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It was also observed that, as it previously had concluded Lohani (2006), that the height of the 

specimen affects the ultimate strength of the structure, resisting more the lower piles due to the 

restrain effects. Finally, regarding the different earthbag sizes, a relationship between the higher 

strength of an earthbag and its larger bearing area was found.  

 

 (2010) Vagdama  

Earthbag structures were analysed theoretically and mostly experimentally with the aim of 

understanding and determining the mechanical characteristics of these constructions and stablish 

a set of material properties needed to analyse their structural behaviour. The study is performed 

for different possible variations in the construction of earthbag structures, experimenting with 

different type of bags, stabilised and unstabilised infill, and the addition of barbwire in between 

the bags. 

For the analytical study, a cohesionless granular infill with constant volume and constant stress 

ratio was assumed. A model with rectangular section was considered for the analysis of shear 

and arches, and with a semi-circular section for compression. Even though a cohesionless infill 

was considered, the addition of cement as stabilizer provides an initial cohesion, seen in figure 

(2.15), which means that a higher vertical pressure will be needed to reach failure. 

It was concluded that, the compressive strength of an earthbag depends on the tensile strength 

of the bag and the internal friction angle of the soil. However, the stiffness is influenced by several 

other factors such as the compressibility of the soil, the stiffness of the bag, the vertical applied 

stresses or the different possible restrains.  

Figure 2.15 – Mohr diagrams showing the increase of the cohesion by adding cement to the 

infill 

 

In the case of the shear strength, it would be affected by the normal load applied and by the use 

of barbwire, which will provide an initial cohesion. The barbwire will also affect the failure mode, 

which will be produced by the tearing of the bags as they try to move pass the barbwire point. 

The analytical model for the arches assumed an infinite compressive strength, no tensile 

resistance, and not sliding failure. Local deformation, which may affect the behaviour of the 

structure, is considered very probable; however, in the case of stabilised arches the behaviour 

was believed to be similar to masonry arches. 



Numerical simulation strategies for superadobe walls and arches 

 
 

Erasmus Mundus Programme 

ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL 
CONSTRUCTIONS 
 38 

Shear box tests were performed in order to determine both the internal friction angle and the 

friction coefficient in the interface between earthbags. It was seen that the internal friction angle 

depends on the initial density of the soil. Moreover, the friction coefficient was improved by the 

used of barbwire in the interface increasing the friction coefficient from µ = 0.43 to µ = 0.67. 

The compression tests were performed for piles of 3, 5 and 8 bags, the results are shown in figure 

(2.16). It was observed that is needed at least H/W ≥ 3 in order to remove the significant effect of 

the end restraints. Although this may vary for different materials, since it was seen that for 70 gsm 

polypropylene earthbags an H/W = 2.5 did not showed errors due to the restraints. 

 

Figure 2.16 – Stress/ strain (left) and load/ displacement (right) from the compression tests 

 

As it was predicted, the tests on stabilised earthbags showed a higher compression resistance 

and stiffness than the unstabilised earthbags. Furthermore, the results were compared with the 

analytical model, which was seen to overestimate the deformation of the structure before failure. 

In the arch tests, unload reload cycles were performed in order to evaluate the elasticity and 

recovery of the structure. The unstabilised arches showed a great deformability, reaching the 

serviceability limits before collapsing which is a problematic characteristic in practical 

construction. The failure occurred by sliding and not a clear mechanism was formed because the 

segments did not behave rigidly. Stabilising the arch made it work as semi rigid blocks, and 

therefore it had a more similar behaviour to the masonry arches. Contrary to what was expected, 

the addition of barbwire did not improve the strength, only allowed more deflection before 

collapsing. The results of the three type of arches are presented in figure (2.17). 

 

Figure 2.17 – Load/ displacement curves of the quarter-span arches tested 
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(2010) Pelly  

An experimental study of earthbag piles and arches was conducted to assess their strength and 

structural behaviour. An analytical model was also proposed and compared with the one 

suggested by Xu et al.   

 Xu et al considered that, for an unconfined compression test, the stress experienced by the soil 

is the addition of the external stresses and the stresses induced by tension of the bag material. 

However, the method proposed by Pelly contemplates a simplification of the previous method, 

considering an infinite stack of bags and neglecting the loading plates. The schemes of both 

methods are seen in figure (2.18). 

Figure 2.18 – Model proposed by Xu et al (left), infinite stack model (right) 

 

It was seen that the model proposed by Xu et al was more conservative than the infinite stack 

height method since it also considers the stresses that the bag in tension transfer to the soil. 

Comparing with the experimental results, the infinite stack method overestimates the failure load, 

concluding that Xu et al method might be more appropriate. 

Several laboratory tests were performed to characterise the material properties: soil and earthbag 

shear box test, tensile test of the bags, compression tests of different heights pile of earthbags 

and arch tests. 

The soil shear box tests were performed in order to determine the internal friction angle and the 

cohesion of the soil and thanks to the earthbag shear box test the friction coefficient with and 

without the addition of barbwire was calculated, the results are shown in figure (2.19).  

 

Figure 2.19 – Soil shear box results (left), earthbag shear box results (right) 

 

The results of the compression test showed that the load increases non-linearly with vertical 

displacement until the failure of the bag. It was also remarked that great deformations tend to 

occur before failure happens. Moreover, as it was already appreciated in other researches, testing 
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3, 5 and 8 showed that the effects of the restraints are reduced by increasing the height of the 

tested pile. 

By stabilising the soil, the failure load was increased a 37% but for both cases the behaviour was 

similar, starting with low stiffness, which increased with higher loads since the earthbag was more 

compacted and had a bigger contact area (figure 2.20). The failure occurred by the tear of the 

bag, but it was also seen that the tear line advanced diagonally through the height of the pile, 

which means that a shear plane have been formed in the stack. 

 

Figure 2.20 – Results of the compression test for stabilized and unstabilised bags 

 

Earthbag arches were also analysed analytical and experimentally. Analytically they were 

analysed using the masonry arch plastic limit analysis, which considers the bags to behave as 

rigid blocks, and it is concluded to be appropriate just in the case of stabilised arches that will 

behave in reality as semi rigid block. Experimentally, arches were tested in different conditions: 

changing the point of application of the load, adding barbwire and with stabilised soil. 

The behaviour of the unstabilised arch, shown in figure (2.21), is linear until it reaches the peak 

load, where the plastic deformations increase and the load capacity decreases. Large 

deformations and rotations are experienced before the arch finally collapses by sliding. No clear 

hinges or mechanisms were formed during the deformation of the arch. Adding the barbwire did 

not improve the strength of the arch, however, stabilising the arch changed its behaviour. The 

initial stiffness and the elasticity of the arch were increased, and at failure, a defined 4 hinges 

mechanism was seen. 
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Figure 2.21 – Results from the unstabilised quarter-span loaded arch 

 

 

(2010/11) Stouter  

Patti Stouter has been experimenting and analysing earthbag structures since 2010 until today. 

In her many studies, she has performed many tests in order to characterise the material properties 

of this type of constructions. 

The aim of her first research was to analyse the friction and tensile strength of earthbags. She 

tried to determine the influence of the barbwire and the friction between bags on the general 

behaviour of the structure. A tilt table method was used for this purpose, changing the angle 

gradually to measure at what point one bag starts sliding over the other (figure 2.22). Different 

types of infills and barbwires were used for these tests. However, this simple method is limited by 

the difficulty of asses exactly the moment when the movement begins. 

More than 20 different tilt tests indicated that the coefficients of static friction might vary between 

1.5 and 1.9 for plain structures and be over 2 if barbwire is included. In fact, in the test with 

barbwire the test reached an angle between 55 and 70 degrees compared to the 25 degrees 

angle without barbwire. To conclude, she proved that the addition of barbwire to earthbag 

structures improves both the shear and tensile behaviour. 

In 2011, another study on earthbag structures was performed. In this case, the objective was to 

investigate the shear strength of an earthbag wall built with low strength material, weak cohesive 

fill (figure 2.22). Standard bags and two strands of barbwire were used to build a 10 bags height 

wall and 38 cm wide. The wall was finished on one side with a fine earthen plaster that contained 

chopped straw and on the other side with a lime plaster. The tests were performed when the 

plaster was already dry, and it reached a peak load of approximately 12 KN, which means that it 

resisted 8.4 KPa. 

 

 

 

 

 



Numerical simulation strategies for superadobe walls and arches 

 
 

Erasmus Mundus Programme 

ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL 
CONSTRUCTIONS 
 42 

 

Figure 2.22 – Tilt table for friction test (left); shear (middle and right) 

 

(2011) Ansari  

Yousef Ansari et al. investigated numerically, with a finite element method, the behaviour of a 

single soil bag under vertical load as well as under cyclic shearing. The results of this model were 

compared with simplified analytical models. 

The granular infill material was represented with a non-associated Mohr-Coulomb model and the 

bag with a linear elastic perfectly plastic von Mises model. In order to define the interaction 

between soil and bag a simple Mohr Coulomb friction law was used. The analysis were performed 

both in 2D and 3D, since the 3D was needed to model the thin bag with membrane elements, and 

three load conditions are considered. First, an unconfined vertical load; second, a cyclic horizontal 

shearing and third, cyclic horizontal displacement while maintaining a constant vertical load. The 

characteristics and shape of the model are shown in figure (2.23). 

 

Figure 2.23 – Parts of the 3d model (left), geometry and boundary conditions of the model 

(right) 

 

Comparing to the analytical methods it was seen that the compression capacity and the vertical 

deformation reach higher tensile strengths in the numerical analysis. This is thought to be due to 

the assumptions considered in the analytical model, which are mainly based on the yield tensile 

strength of the bag. While the numerical results showed that the load capacity is highly influenced 

by the stiffness parameters and shear strength of the soil. 
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(2011) Croft  

The behaviour of earthbag structures was studied under in plane and out of plane loads assessing 

the need of adding barbwire, reinforcement or rendering to improve their behaviour. An 

experimental campaign was performed in real scale walls, and an analytical model was proposed. 

For the analytical models (figure 2.24), the bags were considered to behave as rigid blocks, due 

to their big compaction and to have a uniform frictional resistance between bags. To evaluate the 

strength of the walls in flexure, two different mechanisms were considered: bed-joint sliding and 

global bending.  

 

Figure 2.24 – Flexural (left) and shear analytical models (right) 

 

For the wall in flexion, the sliding failure was thought to occur in the plane under the first bag, 

since the normal load, which increases the shear strength of the structure, is lower in the top of 

the wall. For the bending failure, the collapse will happen when the tensile stresses overpass the 

compressive stresses. 

To analyse the walls in shear three failure mechanisms were considered: friction failure of the bed 

joint, failure due to cracking of the masonry units and compressive failure of the masonry. In the 

case of friction failure, the influence of adding barbwire was also considered, since it will restrain 

the diagonal translation of the units and therefore, it will change the failure mechanism. 

For the experimental research, both flexural and shear tests were performed under different 

construction conditions. By comparing the results of the different walls tested with out of plane 

loading, it was seen that rendering increases significantly the strength of the structure. The 

barbwire did not affect the resistance strength of the wall. However, it changed the failure 

mechanism since the plain walls failed by sliding but the barbwire wall failed by bending. The 

stabilised wall showed higher stiffness but no higher resistance. Regarding the shear tests, it was 

also observed that the rendered wall had a resistance significantly higher than the rest of the walls 

and that the addition of barbwire prevents the wall to fail by sliding.  

 

(2012) Haddad y Bahrehdan  

A .Haddad & M. Bahrehdar conducted a numerical analysis for earthbags under vertical loads. 

The model assumed a cohesionless granular material and a rigid loading panel. The contact 
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surfaces were described using the concept of master surface and slave surface. The 

characteristics of the model are shown in the figure (2.25) 

In order to determine the mechanical properties of the model, before the numerical model,  one 

bag compression tests  were performed to obtain the compressive strength and a direct shear 

test to determine the friction angle and the cohesion of the material. 

 

Figure 2.25 – Geometry, mesh and boundary conditions of the model 

 

The results of this analysis showed that the increase of the internal friction angle  also increases 

the resistance capacity of the earthbag. Furthermore, as it was seen in the experimental results, 

when the earthbag is subjected to a vertical load, it mobilised tensile forces in the polymer bag. 

Because of this, it was concluded that the thickness of the polymer bag will affect the tensile 

strength of the earthbag. 

 

 

(2013) Ross  

A full-scale laboratory test of an earthbag wall subjected to out of plane loads was performed. 

The tested wall had the dimensions of 229 cm tall, 366 cm long and 36 cm width. After finishing 

every course of bags, they were tamped and subsequently 2 strands of barbwire were placed in 

between courses. The wall was restrain for out of plane on the top and on one side by two wood 

braces placed at a distance of 244 cm, which created the effect of the perpendicular walls. Loaded 

in the vertical direction by 2 layers of earthbag that simulate the roof load and horizontally with a 

pressure load, which simulates the pressure of hurricane winds. The set-up of the experiment is 

explained in figure (2.26) 

Figure 2.26 – Boundary and loading conditions 
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The results showed that the wall did not collapse after a pressure load of 3.16 KPa and an out of 

plane displacement of 50 mm. The biggest displacements were in the upper transducer, which is 

due to the increase of the friction with the increase of the normal load, and therefore, the lower 

part of the wall will resist better the out of plane loads than the higher part. 

It was also observed that the deformation of the wall is mainly plastic, however, the structure 

recovered partially after unloading, which means that a part of the behaviour was elastic. This is 

believed to be thanks to the reaction of the barbwire. To conclude, this research highlighted in the 

important role of the barbwire and perpendicular bracing in order to resist out of plane loads. 

 

(2015) Canadell  

Calculation bases were developed in order to perform structural verifications of super adobe walls 

and domes. Several resistant mechanisms were proposed for earthbag walls and domes both for 

the global structure and locally for the materials and the interface. 

A parametrical analysis for domes and walls was conducted in order to discern the influence of 

the mechanical properties and the geometry in the global structural behaviour. Moreover, for the 

domes, the different analytical methods were studied and compared, and a simple method to 

calculate the stresses and tensions of a superadobe dome was developed. Two of the step of this 

method are explained in the figure (2.27). 

 

Figure 2.27 – Graphic calculations to fit the resultant inside the limits (left), stresses calculation 

(right)  

 

 

2.3 Analytical and experimental methods for analysing earthbag 

structures 

 
Even though earthbags have been historically used for different temporal purposes, it is not until 

recently that this technique has started to be implemented in the construction of refuges and 

permanent buildings. In fact, there are only some empirical rules of construction, developed from 

the practical experience, but there are not building codes that regulate these structures.  
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In recent years, this lack of theoretical and experimental background has been noticed, and 

several studies have been performed in order to create a method for the structural analysis of this 

structures, and to characterise experimentally the mechanical properties of the material. Most of 

these studies compare the behaviour of earthbag structures with masonry, assessing the 

suitability of the different methods of analysis used for masonry to earthbags, and adjusting them 

to try to reproduce better their real behaviour. 

 

2.3.1 Challenges of modelling masonry and earthbag structures 

Several analytical models have been developed to characterize the mechanical behaviour of 

masonry (for reviews see Roca et al. 2010, Lourenço 2002). However, the accurate simulation of 

masonry is still challenging.  

There are some characteristic properties of masonry that difficult the modelling, such as their 

composite character, which includes the bricks and the mortar, the frictional behaviour in shear 

and brittle failure in tension, and their anisotropy. Moreover, the complex geometry and 

morphology of these structures present more difficulties to the simulations. 

Some of this characteristics can be also applied to the case of earthbags structures, since they 

have also a composite character (soil, bag and barbwire), a frictional behaviour in shear and they 

are anisotropic. Nevertheless, their highly plastic behaviour, reaching great deformations before 

collapsing, which makes very difficult to define precisely the dimensions of the blocks, together 

with the lack of information about their mechanical properties, add a new difficulty to the 

modelling. On the other hand, earthbag structures have normally clear and simple geometries 

and, since they are new buildings, all the structural connections between parts are known. 

Furthermore, it is important to highlight that for structures with non-tension resistance as masonry 

or with predominant plastic deformations as earthbags, a simple linear static analysis will not 

reproduce correctly the behaviour of the structure, and therefore, more sophisticated non-linear 

constitutive equations will be necessary (Roca et al. 2010). 

 

2.3.2 Graphic statics and limit analysis 

Graphic statics is an analytical method, based in equilibrium, used for the study of masonry arches 

and domes. It states that an arch is stable when a thrust line, which depends on the geometry 

and the loading system, can be fitted within its thickness. This concept was initially introduced by 

Robert Hooke in the 17th century, when he discovered that the ideal shape of an arch is the 

inverse catenary, and later it was developed in the 19th century by Moseley in1835 and Méry in 

1840 (see Huerta 2004).  
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The kinematic approach considers the arch as a group of rigid elements, which could experience 

relative displacements. The collapse of the structure will occur when a sufficient number of hinges 

is developed to create a mechanism. 

The plastic limit analysis uses both the static and kinematic approach in order to determine the 

ultimate failure load of an arch (figure 2.28). It assumes the masonry to have an infinite strength 

in compression and no tensile strength and it does not consider the possibility of failure by sliding 

(Heyman 1966). The limit condition will be reached if a thrust line can be found that causes the 

number of hinges needed to develop a mechanism. 

 

Figure 2.28 – Stable arch (left), stable arch with minimum thickness (middle), collapse 

mechanism (right) (Huerta 2004) 

 

2.3.3 Finite elements method 

A more detailed analysis of the masonry behaviour is possible using the finite element method, 

which offers a great variety of possibilities for the description of these structures, including its non-

linear behaviour. There are two main approaches to model masonry structures with finite 

elements: continuous or macro-modelling approach and discontinuous or micro-modelling 

approach, seen in figure (2.29). 

 

Figure 2.29 – Micro-modelling (left), simplified micro modelling (middle), macro-modelling (right) 

(Lourenço 2002) 

 

Macro modelling 

Macro modelling makes no distinction between units and joints; the material is modelled as a 

homogeneous continuum with orthotropic or isotropic properties. They can be related to plasticity 
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or damage constitutive laws; however, isotropic materials have been normally preferred due to 

their simplicity and the need of few material parameters. 

The continuum parameters can be obtained from experimental tests on sufficiently large panels, 

or else they can be calculated using a numerical homogenization technique from the known 

properties of the individual components. This simplification creates a more approximate model, 

nonetheless, it also have significant practical advances. The meshes are easier to define since 

they do not need to describe the internal structure and the calculation demand is reduced 

comparing to the micro-modelling approach.  

The most important limitation of this approach is the inability to simulate discontinuities, both 

between blocks and between different parts of the structure. This means that certain phenomena 

that the material joints may experience such as sliding, separation or rotation of the blocks can 

be hardly modelled by means of a continuum model.  

 

Micro modelling 

A possible solution to overcome these difficulties of the macro-model, seen in figure (2.30), is 

combining large blocks with interface elements introduced in the FEM mesh, which will allow the 

sliding along the blocks. 

 

Figure 2.30 – Elements of meso-scale (Macorini & Izzuddin 2010) 

 

The micro-modelling approach (defined by Lourenço 1996) consists on modelling distinctly the 

different components of the structure: units, mortar and the interface between unit and mortar. 

Each part is defined with continuum elements and distinct material properties assigned to each 

of them. 

This type of analysis is particularly adequate to model small structures and to describe the local 

response of the material. Both inelastic and elastic properties of both units and mortar can be 

taken into account, requiring the knowledge of the properties of all the masonry components and 

the interface. 

A micro-model can include all the failure mechanisms of masonry such as cracking in joints, 

sliding over one head or bed joint, cracking the units and crushing of masonry. This type of highly 

refined modelling represents more accurately the real behaviour of masonry, however, the intense 

computational effort that it requires limits its application to small elements or structural details. 
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2.3.4 Experimental methods 

Experimental investigations are fundamental in order to obtain a better understanding of the 

structural behaviour of the different construction techniques. In the case of the superadobe 

several experimental campaigns have been performed to try to characterise the mechanical 

properties of the materials and to comprehend the response of these structures under different 

types of loading.  

Nevertheless, there exist certain difficulties, related to the material, that have made determining 

the mechanical properties of superadobe a big challenge. Firstly, there are still not standards for 

earthbags experimental tests, and therefore, there are differences in the testing procedures 

between one campaign and other that can affect the results obtained. Secondly, the big variability 

of the constructive technique and the use of the materials depending on the place make it very 

difficult to characterise the general behaviour of the structures, since each project is unique. 

Thirdly, the earthbags are not regular pieces and they can reach great displacements before 

collapse. These characteristics have posed some problems to measure properly during the tests, 

to control the applied loads and to calculate the stresses since the contact area between elements 

is variable. Finally, even though some experimental campaigns have been carried out, the 

technique is still very recent and should still be tested to acquire a better understanding of its 

behaviour. 

Here under it is exposed more extensively one of the experimental campaigns mentioned in the 

part (2.2.5). Developed in the University of Bath by three different students that continued a 

progressive study of superadobe structures, and it is considered important to explain it in detail 

since it was taken as reference to develop the numerical models studied in this thesis. 

 

Experimental campaign of Pelly, Vagdama and Croft  

Both Pelly and Vagdama performed compression tests and tests in arches, and Croft performed 

tests in walls with horizontal loads. One numerical model will be done for each experimental case. 

This experimental campaign is chosen to calibrate the numerical model because is one of the 

most complete investigations that has been done until the date, including compression tests of a 

pile of bags, arch tests and walls with in plane and out of plane loads. 

Due to the singular characteristic of earthbag structures of being built with the materials available 

in place, it is very difficult to characterise the material properties just relying on previous 

experience. The materials used will vary from one project to another, which will change also the 

behaviour of earthbags.  

The experimental campaigns of Pelly, Vagdama and Croft, were performed in different years; 

however, both Pelly and Vagdama undertook the thesis on this topic in conjunction and chose the 

materials to match the ones used on a real project built in the Namibia dessert. As for Croft, he 

succeeds the two previous investigations and used results from their research when applicable 
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in order not to repeat the same experiments. To be able to do so, he used the same materials for 

his tests in walls under horizontal walls as the ones used by Pelly and Vagdama. 

Finally, the soil used was formed by medium-grained sand and almost no clay and the bags were 

polypropylene bags of 100gsm and no more than 20 Kg to be easy to manipulate in construction.  

The dimensions of the bags in the numerical model will be an approximation of the real ones, 

since the shape, with curves in the endings that will be ignored, and the deformability of the 

material, make the dimensions of the bags variable depending on the tamping or normal load 

applied to the construction. 

 

Compression tests: 

Five compression tests were performed for 1, 3, 5 and 8 unstabilised bags and for 8 stabilised 

bags. The bags were filled with dry sand, that was previously sieved and selected to match the 

wanted characteristics, the sieve test results are seen in figure (2.31), and the corners were turned 

inwards to avoid the expansion of the bags. Later, they were tamped with a 12, 6 Kg tamper on 

the loading platform until no visible deformability was seen and the bag had become a flat rigid 

block. After tamping, the bags were measured and levelled to ensure that they do not undergo 

rotation.  

 

Figure 2.31 – Sieve test results (Vagdama 2010) 

 

For the tests with 1, 3 and 5 barbwire was added in between the bags, however, for the ones with 

8 bags the barbwire was avoided since it was thought to resist to the lateral spreading of the bags. 

The test were performed by applying a load of 10mm/min that was kept past the failure point in 

the test of 1, 3 and 5 bags in order to understand the behaviour of the material after the tearing 

of the bag, but was stopped soon after failure in the tests of 8 bags. 

As it was believed, based on previous literature, that the deformation could vary from one bag to 

another due to the effect of the constraints, the transducers were placed one near the constraint 

and one in the middle (figure 2.32). The lateral displacements were also measured, both in the 

long and short side of the bags.  
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Figure 2.32 – Set up of the 8 bags compression test (Vagdama 2010) 

 

It was seen in the results that the effect of the restraints, which creates a frictional force that 

opposes to the lateral expansion of the bags and leads to overestimate values of the compression 

strength, is more emphasised in the lower piles. For this reason, the numerical model will take 

only into account the results from the 8 unstabilised and stabilised bags, seen in figure (2.33). 

The results of the unstabilised pile showed a fast increase of the stiffness with a fairly linear 

behaviour. Cracking started being heard at a load of 120 KN, when the bag began to tear. At this 

point, the bags were so deformed that the measures for the lateral displacements were 

inaccurate. The failure occurred by the tearing of all bags, except for the one in contact with the 

restraints, on the top and bottom sides.   

For the case of the stabilised bags, 4% of cement was added to a soil with 6.5% moisture and left 

to cure for 36 days. The results, as it was expected, showed a higher compression capacity than 

the unstabilised pile. However, the initial stiffness was also low, increasing rapidly when the bags, 

originally of different dimensions, started compacting and getting fully in contact with one another. 

The measures of the lateral expansion of the bags were also unreliable since the pile underwent 

rotation during the test. 

 

 Figure 2.33 – Failure of the bag in tension (left) (Pelly 2009), results for 8 bags compression 

test (Vagdama 2010) 
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Shear tests: 

Three different walls were tested to analyse the behaviour under in plane loads and the influence 

of different construction solutions in the response of the structure: a plain wall, a wall with barbwire 

included between the courses and a rendered wall. 

The construction method and the material were the same for the three shear walls and also for 

the flexural tests. The bags used had an approximate dimension of 450x230x110 mm and weight 

20 kg, after filling the bags with the sand chosen, the end was tied and flap under the bag to avoid 

lateral expansion. Afterwards, they were tamped in the floor with a 13 kg tamper until they became 

firm. 

As it is seen in the figure (2.34), the shear walls dimensions were two bags long and ten bags 

height. A timber beam of 100x100 mm was fixed and nailed to the top course in order to distribute 

uniformly the normal load that will be applied by two equal hydraulic jacks to the timber beam. To 

apply the lateral force another hydraulic jack was used and placed on the left corner of the timber 

beam. The wall was constrained in the vertical direction by a steel plate base to which a timber 

board nailed to the bottom course was attached in order to limit the movement and in the 

horizontal direction by another steel plate, smeared with a gel to decrease friction, placed in the 

bottom right corner of the wall. 

 

Figure 2.34 – Set up of the shear walls test (Croft 2011) 

Before starting the test, the normal load was fixed by locking the hydraulic jacks, becoming fixed 

displacements. For the plain wall tests, four different normal loads were applied, 1, 10, 20 and 34 

KN in total, and for the barbwire walls, two cycles were performed of 0.5 KN initial load to 1 KN. 

However, since the vertical load is applied as a fixed displacement, when the horizontal load 

increased, the walls started deforming and the normal load varied from its original value. 

Considering that, the vertical stresses influence the frictional resistance and therefore, vary the 

shear strength, the strength of the wall will be analysed identifying the maximum ratio between 

horizontal and vertical load, which in the case of plain wall will include the self-weight since it is 

known the slip plane. 
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Plain walls failed by sliding when a diagonal bed joint slip plane developed and the translation 

partition moved sideways and downwards, as shown in figure (2.35). The downwards movement 

is due mainly to the unbalanced forces applied which compressed more the bags towards the 

right end of the wall, together with the greater compaction of the half walls used in the wall 

endings. This phenomenon was amplified for the higher normal loads, making the results more 

unreliable for the highest load applied.  

 

Figure 2.35 – Failure of the plain wall (left), H/N vs displacement results (right) (Croft 2010) 

 

The barbwire walls did not failed by sliding, even for large displacements the friction and cohesion 

added by the barbwire was enough to resist the shear stresses. In this case, the wall underwent 

rotation around the centre of the wall that led to a compression failure (figure 2.36).  

The peak ratio was reached in the second cycle, but it cannot be considered an indication of 

strength since it happened with a displacement of 27, 8 mm and at this point there was a big 

unbalance in the forces. Moreover, the walls arrived to displacements higher than 100 mm for 

each cycle maintaining the at least the 77% of its peak strength. 

 

Figure 2.36 – Failure of the barbwire wall (left), H/N vs displacement results (right) (Croft 2010) 

 

A compression failure is not likely to occur with the loads to which an earthbag structure will be 

subjected in a real project. Nevertheless, the high deformability and compaction could be 

considered as a serviceability failure. 
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Flexural tests: 

Four point bending tests were performed to analyse the out of plane behaviour of earthbag walls 

with different construction variations: plain wall, wall with barbwire between the courses and 

stabilised wall. 

The construction method for the walls was the same as the one explained for the shear walls, and 

they had a dimension of 1 bag thick and ten bags height, being the bags of approximately 

450x230x110 mm.  

The walls were tested across the minor axis and loaded horizontally in the bags four and seven 

starting from the top using hydraulic jacks. Load cells were placed between the timber beams and 

the jacks to spread the loads uniformly across the width of the bag. To measure the displacements 

six transducers with a sensitivity of 1/1000th mm and a maximum travel of 100 mm were used. A 

normal load of 588 N was also applied by adding three more bags on the top of the wall. 

The bottom bag rested on a steel plate, and the walls were constrained horizontally on the top 

and bottom bags. In between the supports and the bags and in between the timber spreader 

beams and the bags Teflon strips were placed to reduce the friction of the interface. The set up 

of the experiment is exposed in figure (2.37). 

 

Figure 2.37 – Set up for the out of plane tests (Croft 2011) 

 

The plain walls failed through sliding, when two slip planes were developed, one under the top 

support and the second on the first interface under the bottom jack. The sliding continued until 

the second bag from the top reached the support, and from there, it started bending instead of 

sliding. This change may be due to the increase of the normal load that increases the frictional 

resistance, and therefore, in the interface between the second a third bag, where there exist a 

higher normal load than in the previous bag; the frictional resistance was bigger than the bending 

resistance. 

The barbwire wall behaved differently than the plain wall, it failed by bending, since the added 

friction that the barbwire introduced is enough to prevent sliding, which indicates that the bending 
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stiffness was lower than the shear stiffness. It reached higher displacements and when the loads 

were removed, the deformed shape was maintained and the cross section of the bags was altered 

from rectangular to wedge shape. It showed lower stiffness than the plain walls, however, it did 

not decrease after the elastic limit was passed. 

The stabilised wall showed a similar strength to the plain wall, within a 5%. It also failed by sliding, 

although it displayed appreciably more shear stiffness, which is the result of stronger and less 

deformable infill. The deformed shape at failure and the load displacement graphs obtained are 

shown in figures (2.38 and 2.39). 

 

 

Figure 2.38 – Deformed shape at failure: initial shape, unstabilised wall, stabilized wall and 

barbwire wall (from left to right) (Croft 2010) 

 

 

Figure 2.39 – Load displacement graph for the different type of walls (Croft 2010) 

 



Numerical simulation strategies for superadobe walls and arches 

 
 

Erasmus Mundus Programme 

ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL 
CONSTRUCTIONS 
 56 

Since all cases sustained large displacements, a comparison with a serviceability deflection equal 

to span/250 was made to evaluate the serviceability limit strength (figure 2.40). Moreover, an 

equivalent UDL of 2 kN/mm2 was set against displacement to identify the deflection at this 

reference. 

 

Figure 2.40 – Comparison of the peak load with the serviceability deflection (Croft 2010) 

 

 

Arch tests: 

Firstly, since no previous experiments were performed for earthbag arches, one arch was 

analysed as a trial to verify and improve, if needed, the test methodology. After this, four arches 

were tested: two unstabilised arches loaded one on quarter span and the other on middle span, 

a stabilised arch and an arch with barbwire between bags.  

The methodology to build the arches was taken from the construction process. They were built 

on a plywood formwork with a span of 2, 2 m and a mid-span rise of 0, 5 m. The supports were 

made with concrete abutments and in between them and the bags, a cell was placed to measure 

the horizontal reactions. 

After the test on the trial arch, the abutments were separated approximately 200 mm in order to 

fit better the bags on the following tests. It was also decided to tamp the bags first on the floor 

with a large metal tamper and later tamp them again on place with a sledgehammer and a timber 

piece to distribute the force of impact across the bag surface. This way, an adequate tamping 

was achieved and the bags were ensured to be well placed and to have big contact areas between 

each other. The key stones were created by defining their wedge shape during tamping so they 

fit easier and then tamping them from above to close the arch. The final set up can be seen in 

figure (2.41). 

The vertical load was applied across two bags, to avoid over-concentration of stresses, by a 5T 

hydraulic hand pump jack with a cell attached to measure the applied load, and to measure the 

vertical deflections displacement transducers were placed both in middle and quarter span which 

took readings at 1 second intervals. Pictures were also taken through all the process to observe 

the deformation of the arch and during loading the load was removed at least two times to evaluate 

the recovering of the structure and the permanent deformation. All arches were tested until failure. 
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Figure 2.41 – Set up for the arch tests (Pelly 2009) 

 

The unstabilised arch loaded in quarter span behaved in three distinct modes during the test. 

First, it showed a linear response with relatively stiff behaviour, small displacements, reaching the 

peak the plastic deformation began to increase and passed the peak the load carrying capacity 

started to decrease until large deformations, and rotations of the bags destabilised the arch. The 

great displacements continued until the normal compression at some interfaces was small enough 

to allow sliding between bags. Therefore, the arch collapsed with a combination of rotation and 

sliding (figure 2.42).  

Three unloading/ reloading cycles were carried out during the test which showed a deformation 

recovery of the 22, 8% at each cycle, which proves the predominantly plastic behaviour of the 

arch. Moreover, no defined hinges were perceived during the large rotations, instead, bags rotated 

in relation with one another distributing the rotations throughout the arch. 

 

Figure 2.42 – Deformation before failure (left), load displacement of unstabilised quarter-span 

arch (right) (Pelly 2009) 

 

The unstabilised arch loaded in the middle had a similar behaviour, seen in figure (2.43), starting 

with a linear load-deflection response, becoming highly plastic and suffering large rotations and 

deformations before collapsing. It reached a higher peak load due to the favourable location of 
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the loading and the displacement recovery was 21, 1%, a little bit lower than the quarter span 

unstabilised arch. 

The maximum capacity of the jack was reached during the test around the 40mm displacement, 

and the test was stopped to place a spacer between the load and the arch in order to continue, 

this happened when the arch was already very deformed, and might have prevented it from 

reaching a higher peak load. Furthermore, the arch was unloaded again at 100 mm, which caused 

the collapse of the arch before a possible sliding failure happened. 

 

Figure 2.43 – Deformation before failure (left), load displacement of unstabilised mid-span arch 

(right) (Pelly 2009) 

The stabilised arch behaved differently from the rest of the arches tested. The initial stiffness was 

much higher, and a remarkably higher load peak was achieved. Besides, it started showing a 

linear load-deflection response, but large plastic deformations did not occur. After the load peak 

was reached, the arch behaviour changed and the load began decreasing linearly until collapse. 

A much more recovery capacity was also seen, of 57, 4 %, showing an increase of the elasticity 

of the arch. 

Comparing to the previous arches, the stabilised arch developed hinges before collapsing, mainly 

under the load and in the opposite quarter span, in the abutments rotations were perceived but 

the hinges were not so clear (figure 2.44). 

 

Figure 2.44 – Deformation before failure (left), load displacement of stabilised quarter-span arch 

(right) (Pelly 2009) 
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The barbwire arch showed a similar behaviour of the unstabilised arch. However, it reached a 

lower peak load at a smaller displacement, meaning that the barbwire did not improve the strength 

of the arch (figure 2.45). Nevertheless, it supported higher deformations before collapsing, 

showing that the barbwire held the arch together far after unstabilised arches would have 

collapsed. 

 

Figure 2.45 – Deformation before failure (left), load displacement of barbwire quarter-span arch 

(right) (Pelly 2009) 

 

 

2.4 Discussion 

In the last years,  a great effort to analyse the structural behaviour of earthbag structures and to 

characterize their mechanical properties was undertaken. Most of the studies focused on the 

behaviour of the earthbags under compression and few testing campaigns were performed under 

lateral loading. These experimental researches show that the earthbags have a high compressive 

strength, especially if it is compared with the vertical forces to which they are normally subjected.  

Some shear tests were conducted in order to analyse the friction between bags and to evaluate 

the shear resistance. Nevertheless, most of these tests were performed in small scale or between 

only two bags, which does not provide information about the behaviour of a large-scale structure 

under lateral loading, since it will overestimate their capacity. Nonetheless, these experiments  

proved that the lateral strength of earthbags was much lower than the  compressive strength.  

The students Pelly (2009), Vagdama (2010) and Croft (2011), developed one of the most 

complete investigations at the University of Bath during several years. They analysed piles of 

bags in compression, but also arches and small walls in shear and bending. However, due to the 

difficulties that earthbags posed during the tests, inaccurate measuring or unbalanced loads might 

have affected some of the results obtained from this research.  

Consequently, it can be concluded that the investigations in earthbag structures are still at an 

initial stage of development. Therefore, further experimental researches should be conducted, 

especially under horizontal loading.  
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3. NUMERICAL ANALYSIS OF SUPERADOBE WALLS  

3.1 Introduction 

This thesis is focused on analysing the behaviour of superadobe structures using finite elements 

models performed with the software TNO DIANA. The main difficulties of this work are the lack of 

literature concerning the finite element modelling of this type of structures and the lack of specific 

constitutive models for this material.  

Therefore, in order to characterise the behaviour of the material, four models that reproduce the 

experimental tests are analysed and compared with the experimental campaign performed by 

Pelly (2009), Vagdama (2010) and Croft (2011) in the University of Bath, explained before.  

In this chapter, they are explained and evaluated the models performed to analyse the behaviour 

of earthbag walls, which include a pile of bags in compression, a two walls under in plane and out 

of plane loads. 

 

3.2 Finite element model 

3.2.1 Selection of the FEM modelling strategy 

 
As it has been explained before, one of the main difficulties of modelling earthbags structures is 

their composite character, which includes the soil, the bag and, in most cases, the barbwire. 

Moreover, in the experimental researches earhtbags have exhibited distinct directional properties. 

Generally, a material with these characteristics would be better represented by a micro-modelling 

approach that could capture the local response of the material and that could predict more 

accurately the failure mechanism of the structure. Moreover, the normally small dimensions of 

earthbag structures would be appropriate for the intense computational effort that micro-modelling 

demand.  

However, this modelling approach has two main problems difficult to overcome at this point of the 

research. Firstly, it requires a great amount of information about the mechanical properties of the 

materials, which in this case are not available since, being a relatively new material, it is still being 

studied and analysed to characterise and understand its mechanical behaviour. Secondly, 

earthbag structures were conceived to be an affordable, fast and safe construction technique that 

could be built by non-professionals.  This intrinsic quality of superadobe buildings requires an 

easy and affordable tool to calculate and assess the structural behaviour of the buildings. 

Therefore, the use of a macro-model was decided to represent numerically the earthbags 

structures, but always bearing in mind the limitations of modelling a complex anisotropic and 

discontinuous material as an isotropic composite.  

 



Numerical simulation strategies for superadobe walls and arches 

 
 

Erasmus Mundus Programme 

ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL 
CONSTRUCTIONS 
 62 

3.2.2 Selection of the constitutive model 

Considering that, there exist no references of numerical modelling of walls for this particular 

material, two different possible constitutive models were used to assess their suitability for the 

representation of the earth bag structures’ behaviour. The constitutive models that will be 

considered are a linear Mohr-Coulomb failure criterion and a smeared crack model. 

 

Mohr Coulomb failure criterion 

The Mohr Coulomb criterion is an elastic-perfectly plastic model widely used to model materials 

whose uniaxial compressive strength is much greater than its uniaxial tensile strength, such as 

soils and rocks. It describes a linear relationship between normal stresses and shear stresses at 

failure and considers as strength criterion the difference between maximum and minimum 

principals stresses. 

In this model, the stress-strain behaviour is linear in the elastic range and characterised by the 

elastic modulus and the Poisson’s ratio for an isotropic material. The plastic range is characterised 

by three parameters: the friction angle, φ, the cohesion, c0, and the dilatancy angle, ψ, which 

describes the flow rule that in this case is a non-associated flow rule, which allows modelling an 

irreversible change of volume due to shearing. 

The Mohr Coulomb failure envelop is defined by the equation (3.1) and represented as shows the 

figure (3.1). 

 τ= c0 + σ tanφ      (3.1) 

 

Figure 3.1 – Mohr diagram and failure envelop 

 

 

 

 

 

 

 

Where:  σ Compressive stress 

    c0   Cohesion 

     φ   Friction angle     

   τ Shear stress 
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Smeared crack model 

From the two smeared crack models available in DIANA, the total strain crack model was chosen. 

This model considers the cracked solid to be continuous and describes the tension and 

compression behaviour with one stress-strain relationship. A rotating crack model was used, 

which is characterized to evaluate the stress in the cracks directions and, contrary to what 

happens in the fixed crack model, allow the orientation of the cracks to co-rotate with the axes of 

principal strain. 

In the wall models, for compression a behaviour elastic ideally plastic is assumed, and for tension 

a fracture energy base linear tension softening law is applied (figure 3.2). 

 

Figure 3.2 – Constitutive models for compression (left) and tension (right) 

 
Since earthbag structures are composed of soils wrapped in textiles envelops, it has been 

normally used in literature the Mohr Coulomb failure criterion has been normally used (Lohani et 

al. 2006, Matsuoka and Liu 2004). However, in this thesis, this constitutive model is compared 

with a smeared crack model, which is normally more used in the analysis of masonry structures, 

and the more suitable one will be chosen to continue the modelling.  

 
 

3.3 FE Models characteristics 

Here under the three different walls FE models analysed are presented, together with their 

characteristics, which are chosen to represent as precise as possible the experimental tests. The 

experiments modelled are a pile of bags subjected to compression and two walls, one under in 

plane loads and the other under out of plane loads. 

 

3.3.1 Compression test 

The first model tries to simulate the compression tests performed by Vagdama 2010, reproducing 

as far as possible the geometry, loads and constraints of the experiment. As it is seen in the figure 

3.3, the model consists on a pile of eight bags with dimensions of 230x450x880 mm3, modelled 

as a regularised continuous element that does not consider the irregularities of the bags and their 
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semi-circular endings. A normal load is applied on the top of the pile with a displacement control 

of 1 mm per step and the pile is constrained on the bottom with fixed supports in the vertical 

direction, allowing horizontal movement. 

 

Figure 3.3 – Geometry of the pile of bags 

 
The pile is modelled in 2D, using regular plane strain elements, which in DIANA are characterised 

to assume the thickness equal to the unity and the strain elements perpendicular to the element 

face to be zero. The plane strain elements can have quadrilateral or triangular shape, for this 

model there are used linear triangular elements with 3 nodes, T6EPS, and 4 cm of element size. 

 

3.3.2 Model for the Shear test 

The second model tries to simulate the shear tests performed by Croft 2011, reproducing as far 

as possible the geometry, loads and constraints of the experiment. As it is seen in the figure 3.4, 

the wall studied has the regularised dimensions of 900x230x1100 mm3, and it is formed with two 

bags in the longitudinal direction, one bag of thickness and 10 bags height.  

The wall is constrained vertically on the bottom and horizontally on the right corner of the wall 

until a height of one bag, allowing the horizontal movement of the left part of the wall. These set 

of supports was chosen after proving that, if the bottom part of the wall was fixed for both 

horizontal and vertical direction, a great concentration of stresses was produced in the corners 

that provoked a premature collapse of the model. 

In the experimental campaign, the vertical load was applied as a fixed displacement, which 

caused many problems such as the rotation of the top course when the horizontal load was 

applied and the impossibility of keeping a constant value for the normal load. For these reasons, 
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in the model the vertical load is applied as a distributed force which value is taken from the 

average normal load obtained in the test. The horizontal load is implemented on the upper left 

corner of the wall on a length of one bag with a displacement control of 1 mm per step. 

 

 

 
Figure 3.4 – Geometry of the wall analysed in shear 

 

The wall is modelled in 2D, using regular isoparametric plane stress elements, which must have 

a small thickness compared to the other two dimensions and are characterised to assume the 

stress components perpendicular to the element face to be zero. The plane stress elements can 

have quadrilateral or triangular shape, for this model there are used linear triangular elements 

with 3 nodes, T6MEM, and 3 cm of element size. 

 

3.3.3 Model for the Bending test 

The third model tries to simulate the four point bending tests performed by Croft 2011, reproducing 

as far as possible the geometry, loads and constraints of the experiment. The wall studied has 

the regularised dimensions of 450x230x1100 mm3, and it is formed with one bag in the 

longitudinal direction, one bag of thickness and 10 bags height.  

The normal load is applied placing three more bags on the top of the wall, as it can be seen in 

the figure 3.5, and two symmetrical horizontal loads are implemented with a displacement 

control of 1mm per step in the fourth and seventh bags in the right part of the wall, starting from 

the bottom. The wall is constrained vertically on the bottom and horizontally on the first and 

tenth bag on the left part of the wall with fixed supports. 



Numerical simulation strategies for superadobe walls and arches 

 
 

Erasmus Mundus Programme 

ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL 
CONSTRUCTIONS 
 66 

 

Figure 3.5 – Geometry of the wall analysed in bending 

 

The wall is modelled in 2D, using regular plane strain elements, which in DIANA are characterised 

to assume the thickness equal to the unity and the strain elements perpendicular to the element 

face to be zero. The plane strain elements can have quadrilateral or triangular shape, for this 

model there are used linear triangular elements with 3 nodes, T6EPS, and 3 cm of element size. 

 

 

3.4 Comparison between Mohr Coulomb and Total strain crack based 

models 

In this part, the two constitutive models selected, Mohr Coulomb and total strain crack based 

model, are compared in order to assess their suitability to reproduce the behaviour of earthbag 

walls. For this purpose, the three models previously explained are analysed with the two 

constitutive models. 

 

3.4.1 Mohr Coulomb model 

 
The Mohr Coulomb model is set by assigning the Young’s modulus, the Poisson’s ratio, the 

density, the friction angle, the cohesion, the dilatancy and the tension cut-off. For the earthbag 

models, some of these values are known from the experimental campaign; however, some others 
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have to be determined by calibrating and comparing the numerical models with the experimental 

results since there is no information regarding them. 

The experimental campaign, table (3.1),provided the density, the friction angle and cohesion of 

the soil, the friction angle between bags with and without barbwire, and an approximate 

compressive strength. The Poisson’s ratio will be acquired from previous models from the 

literature (Ansari et al 2011, Haddad and Bahredar 2012). It has to be considered that some of 

these values are characteristics of one component of the composite material that is the earthbag, 

and therefore for the macro-model, they should be adjusted.  

Table 3.1 – Parameters obtained from the literature 

Parameters of the soil   

Friction angle, φ (º) 26.43 (Pelly 2009) 

Cohesion (KPa) 15.9 (Pelly 2009) 

Parameters of the earthbags   

Friction coefficient without barbwire 0.43 (Pelly 2009) 

Friction coefficient with barbwire 0.66 (Pelly 2009) 

Adhesion without barbwire (KPa) 0 (Pelly 2009) 

Adhesion with barbwire (KPa) 8.15 (Pelly 2009) 

Compressive strength (MPa) 1.7 (Vagdama 2010) 

Young’s modulus (MPa) 10 (Canadell 2010) 

Poisson’s ratio 0.3 (Ansari et al 2011, Haddad 

and Bahredar 2012) 

Mass density (Kg/m3) 1756.70 (Pelly 2009, Vagdama 2010) 

 

Firstly, the compression test is modelled in order to determine the elastic modulus and the 

compressive strength of the material. Afterwards, the shear and the bending models are analysed 

and the friction angle and the cohesion are adjusted using the formulas (3.2) and (3.3) to obtain 

a value that can reproduce adequately the behaviour of the three models. 

 f� =
� �� ��� 	 


 ��� 	
       (3.2) 

 f� =
� �� ��� 	 


��� 	
       (3.3) 

Where: 

 

 

 

 

 

fc       Compressive strength 

c0      Cohesion 

φ       Friction angle     

ft        Tensile strength 
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Calibration of Mohr-Coulomb parameters 

The results obtained using the constitutive model Mohr Coulomb for analysing plain earthbag 

walls are explained here, together with the problems found when performing the different 

analyses.  

 

Compression test 

The first problem of this model appeared when the type of mesh was selected. Initially, a square 

4 nodes mesh was used, however, it was changed to a triangular mesh after checking that, due 

to a possible problem of DIANA, the program aborted all the analysis before the material reached 

the plastic behaviour, which did not happen when a triangular mesh was used. Therefore, from 

here it is used a triangular three nodes mesh for the models. 

Once the mesh was chosen, the model was analysed using the parameters taken from the 

experimental campaign, table (3.1), with the exception of the cohesion that was calculated 

following the formula (3.2), since the value given in the tests was 0. In Figure (3.6), the 

load/displacement graph obtained using the experimental parameters is compared with the 

experimental curve and the graph obtained once the initial values are adjusted. 

 

 

Figure 3.6 – Load/displacement graph with Mohr Coulomb model with φ = 25.5º and two 

different fc = 1.3 and 1.7 MPa 

 

In the figure it can be observed that the Young’s modulus assumed from the literature fits with the 

experimental curve, however, the compressive strength taken from Vagdama appears to be a 

little higher than the one recorded in the tests. This difference might be caused by the difficulty of 

estimating accurately the contact area between the bags and their change of perimeter, which 

can be variable from one bag to another and affects in the calculation of the compressive strength. 

However, in the numerical model, the geometry has been regularised and this characteristic of 

the earthbags is not taken into account. 
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Shear test 

After settling the compressive strength and the Young’s modulus, the shear models with different 

normal loads are analysed to adjust the friction angle and the cohesion. Moreover, the same 

parameters, which are valid for the compression test, are assessed to see if they are applicable 

to reproduce the earthbag walls’ behaviour in shear. 

In the figure (3.7 and 3.8), the results obtained in the analysis of the shear walls under normal 

loads of 0, 85, 11.73 and 13.64 kN are presented, using the parameters shown in table (3.2). The 

figure (3.7) presents the absolutes values of the horizontal load applied while the figure (3.8) 

shows the ratio between horizontal load and vertical load in order to compare with the 

experimental curves. 

 

Table 3.2 – Parameters adjusted for compression for the Mohr Coulomb model 

Linear material properties  Mohr-Coulomb plasticity  

Young’s modulus (MPa) 10 Cohesion (KPa) 536.3 

Poisson’s ratio 0.3 Friction angle (º) 25.5 

Mass density (Kg/m3) 1756.7 Dilatancy angle (º) 0 

  Tension cut-off (KPa) 500 

* The cohesion is calculated from the formula (2) considering a compression strength of 1, 3 MPa 

 

 

Figure 3.7 – Load/displacement graph of the shear model with φ =25.5º and fc =1.3 MPa for 3 

different normal loads = 0.85, 11.73 and 13.64 kN 
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Figure 3.8 – H/N vs displacement graph of the shear model with φ =25.5º and fc =1.3 MPa for 3 

different normal loads = 0.85, 11.73 and 13.64 kN 

 

The shear tests showed that the maximum horizontal loads applied to the wall were 0.77, 4.72 

and 5.25 kN corresponding to the 3 normal loads applied.  In the graphs (3.7 and 3.8) is observed 

that, if the same parameters used for the compression test are considered, the model is able to 

support much higher horizontal loads than the ones seen in the experimental campaign.  

This could be caused by the significant increase of the cohesion, which enhances the shear 

capacity of the whole structure. Especially, considering that in the experiments it was determined 

that, for a plain wall without barbwire, it could be assumed as zero.  

Seeing that the values used for compression are not valid for shear, the cohesion and friction 

angle are tried to adjust in order to obtain the values that will better represent the behaviour of 

the plain shear walls. Initially only the cohesion was changed, the figure (3.9 and 3.10) shows the 

graphs for the parameters explained in table (3.3).  

 

Table 3.3 – Parameters adjusting the cohesion for the Mohr Coulomb model 

Linear material properties  Mohr-Coulomb plasticity  

Young’s modulus (MPa) 10 Cohesion (KPa) 45 

Poisson’s ratio 0.3 Friction angle (º) 25.5 

Mass density (Kg/m3) 1756.7 Dilatancy angle (º) 0 

  Tension cut-off (KPa) 40 
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Figure 3.9 – Load/displacement graph of the shear model with φ =25.5º and c0 =45 KPa for 3 

different normal loads = 0.85, 11.73 and 13.64 kN 

 

Figure 3.10 – H/N vs displacement graph of the shear model with φ =25.5º and c0 =45 KPa for 3 

different normal loads = 0.85, 11.73 and 13.64 kN 

 

In the graphs is easily appreciated that the maximum horizontal load have decreased significantly, 

however, the most characteristic behaviour that can be observed is that the maximum load is 

higher for the case subjected to less normal load than for the ones with higher loads, when it 

should be the opposite. This behaviour is the result of the big reduction of the cohesion which 

decreases significantly as well the compressive strength and allows the structure to fail in 

compression and therefore, to fail before with higher normal loads. 

Finally there are adjust both the friction angle and the cohesion, in the figures (3.11 and 3.12) 

are represented the closest results achieved to the real behaviour observed in the experiments. 

The parameters used for these analyses are shown in the table (3.4). 
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Table 3.4 – Parameters adjusting cohesion and friction angle for the Mohr Coulomb model 

Linear material properties  Mohr-Coulomb plasticity  

Young’s modulus (MPa) 10 Cohesion (KPa) 90 

Poisson’s ratio 0.3 Friction angle (º) 50 

Mass density (Kg/m3) 1756.7 Dilatancy angle (º) 0 

  Tension cut-off (KPa) 60 

 

. 

Figure 3.11 – Load/displacement graph of the shear model with φ =50º and c0 =90 KPa for 3 

different normal loads = 0.85, 11.73 and 13.64 kN) 

 

Figure 3.12 – H/N vs displacement graph of the shear model with φ =50º and c0 =90 KPa for 3 

different normal loads = 0.85, 11.73 and 13.64 kN 

 

In the figures (3.11 and 3.12), it can be observed, contrary to the previous graph, that the wall 

with the maximum normal load is also the one with more capacity to resist the horizontal loads 

applied. However, comparing the maximum loads obtained with the experimental research, that 

were 0.77, 4.72 and 5.25 kN respectively for the three normal loads, the loads achieved with the 

model are still considerably higher. 
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The change in the behaviour comparing with the previous graph is due to an increase in the 

cohesion and the friction angle, which prevents the failure in compression to occur. Moreover, 

this increase of the parameters raises also the resistance capacity of the wall, and consequently, 

increases the maximum horizontal loads reached before failure. Nevertheless, the values needed 

to improve the behaviour of the models in shear are still very low and decrease the compressive 

strength of the wall, from 1.3 to 0.5 MPa, as is seen in the figure (3.13). 

 

Figure 3.13 – Load/displacement graph of the compression model with φ =50º and c0 =90 KPa, 

compared to the curve with fc= 1.3 MPa  

 

In the figure (3.13) there are compared two load displacement graphs of the compression test, 

with the parameters of table (3.1) and table (3.4), to the experimental curve. As it can be seen, 

the curve with the values (3.1) adapts better to the real behaviour in compression of the 

earthbags. 

 

3.4.2 Total strain crack based model 

The total strain rotating crack model can be set by defining the Young’s modulus, the Poisson’s 

ratio, the density, the tensile strength, the tensile fracture energy and the compressive strength. 

The parameters used for this analysis, shown in the table (3.5), are taken from the literature and 

derived from the calibrations performed in the models analysed with Mohr Coulomb. However, 

there are unknown still the tensile strength and the tensile fracture energy, and therefore, they 

will be adjusted in order to find the values that better reproduce the structural behaviour of the 

three walls.  
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Table 3.5 – Parameters obtained from the literature and the models for the total strain crack 

model 

Young’s modulus (MPa) 10 (Canadell 2010 and checked 

in the previous analysis) 

Poisson’s ratio 0.3 (Ansari et al 2011, Haddad 

and Bahredar 2012) 

Mass density (Kg/m3) 1756.70 (Pelly 2009, Vagdama 2010) 

Compressive strength (MPa) 1.3 (Adjust in the previous 

analysis) 

 

 
Calibration of total strain crak model parameters 

Here the results obtained using total strain rotating crack-based model for analysing plain 

earthbag walls are explained, together with the problems found when performing the different 

analyses.  

 

Compression test 

Firstly, the compression test is modelled and compared with both the experimental curve and the 

curve obtained with Mohr Coulomb, in order to verify the values used as Young’s modulus and 

compressive strength. The figure (3.14) presents the load/displacement graph for the parameters 

shown in the table (3.6). 

Table 3.6 – Parameters used for the analysis for total strain crack model 

Linear material properties Tensile behaviour  Compressive behaviour 

Young’s 

modulus (MPa) 

10 Linear-crack energy  Ideal  

Poisson’s ratio 0.3 Tensile strength 

(KPa) 

40 Compressive strength 

(MPa) 

1.3 

Mass density 

(Kg/m3) 

1756.7 Tensile fracture 

energy (KN/m) 

0.015   
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Figure 3.14 – Load/displacement graph analyse with fc =1.3 MPa with Mohr Coulomb and total 

strain 

 

In the figure (3.14) are seen the two numerical curves obtained using the same compressive 

strength and elastic modulus but different constitutive models. As expected, both curves are very 

similar, and represent accurately the compressive behaviour of the earthbag pile in compression. 

Therefore, for the following analyses of the shear and bending walls the compressive strength will 

be taken invariably as 1.3 MPa.  

 

Shear test 

As it was done with Mohr Coulomb, the shear model is analysed for 3 different normal loads, 0.85, 

11.73 and 13.64 kN. The same parameters of the compression model are used to evaluate the 

validity of the tensile strength and tensile fracture energy chosen, and to assess the capacity of 

the total strain crack based model to reproduce the behaviour of earthbag structures both in 

compression and in shear. 

In the figures (3.15and 3.16) are represented the plots of horizontal load to horizontal 

displacements curves for the three different loads. 

 

Figure 3.15 – Load/displacement graph of the shear model with fc =1.3 MPa and ft =40 KPa for 

3 different normal loads = 0.85, 11.73 and 13.64 kN 
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Figure 3.16 – H/N vs displacement graph of the shear model with fc =1.3 MPa and ft =40 KPa 

for 3 different normal loads = 0.85, 11.73 and 13.64 kN 

 

In the graphs, it can be observed that the maximum horizontal load supported by the walls is 

higher for the higher normal loads. This behaviour is reproduced for all the possible tensile 

strengths analysed, contrary to what happened with Mohr Coulomb where, with very low values 

of friction angle and cohesion, the behaviour changed due to a compressive failure. In total strain, 

the variation of the tensile strength does not affect the compressive strength, and therefore, the 

compressive failure will not occur. 

In the figures the two different behaviours of the walls are also appreciated, the initial linear 

behaviour and the successive plastic behaviour after the first cracks appeared. Comparing to the 

experimental campaign, as it is seen in figure (3.16), the values where the cracks appeared for 

the normal loads of 11.73 and 13.64 KN are approximated to the maximum horizontal loads 

reached in the tests. However, in the following behaviour the loads continue increasing, instead 

of decreasing like in the experiments. Furthermore, the wall subjected to the lower load, 0.85 kN, 

shows a more approximated behaviour after cracking than the other walls, but reaches a 

significant higher load before cracking. These indicates that the values chosen for tensile strength 

and tensile fracture energy, although they approximate better  to the behaviour of the walls than 

the Mohr Coulomb models, must still be adjusted.  

 

Bending test 

In order to check the conclusion obtained from the shear walls, the four points bending model is 

analysed using the same parameters of table (3.6). In the figure (3.17) is plotted the horizontal 

load to the mid-span displacement of the model and compared with the experimental curve. 

 

 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0 10 20 30 40 50

H
/N

 in
cl

ud
in

g 
se

lf 
w

ei
gt

h

displacement x (mm)

H/N vs top course displacement

experimental
curve_N=
0.85 kN

experimental
curve_N=
11.73 kN

experimental
curve_N=
13.64 kN

N= 0.85 kN

N= 11.73 kN

N= 13.64 kN



Numerical simulation strategies for superadobe walls and arches 

 
 

Erasmus Mundus Programme 

ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL 
CONSTRUCTIONS 
 77 

 

 

Figure 3.17 – Load/displacement graph of the bending model with fc= 1.3 MPa and ft= 40 KPa 

 

In the figure is seen, as it happens in the shear walls, an initial linear behaviour that becomes 

plastic after cracking. It is also observed, that the horizontal loads achieved in the model are 

considerably higher than the ones observed in the experimental tests. This similar behaviour to 

the shear walls proves that the values chosen for the models are too high to reproduce accurately 

the real behaviour and should be adjusted in the following analyses. 

 

3.4.3 Final remarks about the calibration of the model parameters 

The two constitutive models initially chosen have been analysed and compared in this part in 

order to assess their suitability to reproduce the behaviour of earthbag structures using a 

continuous macro-model. For this purpose, both models were tested in compression and shear, 

and the results were contrasted with the experimental campaigns. 

The Mohr Coulomb models were seen to reproduce quite accurately the behaviour in 

compression, however, in shear several problems were found: first, if the values obtained from 

the calibration of the compression test were used, the results in shear showed a capacity ten 

times higher than the real one. Second, if the values of the friction angle and the cohesion were 

adjusted to reduce the shear capacity of the model, this provoked a significant reduction in the 

compression strength resulting in a compression failure of the structure. Finally, the values were 

adjusted to achieve the best possible behaviour in shear. However, it resulted that the parameters 

needed to avoid compression failure increased considerably the shear capacity of the model 

comparing to the experiments, and, at the same time, reduced significantly the compressive 

strength of the model. 

As for the total strain crack based models, they showed a good approximation to the real 

behaviour both in compression and in shear, even though the parameters chosen should still be 

adjusted. This improvement in the shear behaviour is due to the possibility of adjusting the tensile 
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strength and tensile fracture energy, parameters that control the failure in shear, without affecting 

the compressive strength of the model. For these reasons, for the following analyses and 

continuation of the thesis, a total strain rotating crack model is chosen. 

 

 

3.5 Results of numerical simulations with total strain crack based model 

Here the results obtained from the analysis of the walls models are presented. As it has been 

said before, three tests have been simulated and compared to the experimental results: 

compression, shear, and bending tests. Furthermore, three variations in the construction process 

of the walls have been also analysed, which changed the structural behaviour of the structure: 

plain walls, walls with barbwire between the courses, and walls with stabilized infill.  

The analysis parameters used for all cases were: regular Newton-Raphson iteration method with 

tangential stiffness in the first iteration step, with a maximum number of iterations of 300; a 

convergence norm of displacement (1%) and force (1%), and defined load steps were used. 

Moreover, both geometrical linearity and geometrical non-linearity were used.  

 

3.5.1 Plain wall 

The plain walls consist on the earthbag placed one over the other forming the different geometries 

of walls tested, without the inclusion of barbwire between the courses to add cohesion or the 

addition of cement in the infill. They were tested experimentally in compression, shear, subjected 

to three different normal loads, and bending. Here there are shown the closest results to the 

experimental campaign, which were obtained using the parameters of the table (3.7). 

 
Table 3.7 – Parameters used for the analysis of plain walls 

Linear material properties Tensile behaviour  Compressive behaviour 

Young’s 

modulus (MPa) 

10 Linear-crack energy  Ideal  

Poisson’s ratio 0.3 Tensile strength 

(KPa) 

3 Compressive strength 

(MPa) 

1.3 

Mass density 

(Kg/m3) 

1756.7 Tensile fracture 

energy (KN/m) 

0.003   
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Compression test 
 
As it was seen in the first results obtained using the total strain model, the behaviour of the 

compression test model is only affected by the compressive strength of the pile. The figure (3.14) 

presents and compares the load/displacement and the stress/strain graphs of the experimental 

campaign with the results obtained from the model.  

For the stress/strain graph, the strains are calculated with the same method used by Vagdama in 

his thesis, using the formula (3.4). This formula, taken from Tantono 2007, expresses the ratio 

between the change of the perimeter and the initial perimeter of the bags, assuming the bags to 

have a rectangular area and a constant volume.  

 

 ∆�

��
=

� (��� ����) 

(����)(��� ��)
       (3.4) 

Where: 
 

 

 

 

 

 

 

 

 

Figure 3.18 – Load/displacement (left), stress/strain (right) with fc= 1.3 MPa and ft = 3 KPa 

 

It is seen in both graphs that the results taken from the model match fairly accurately the 

experimental behaviour. It is observed that the experimental curve have a very low initial stiffness, 

which will later increases rapidly. This variation of the stiffness is due to the great deformability of 

the bags that get compacted with the increase of the normal and therefore, their stiffness 
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increases. This characteristic behaviour is difficult to be reproduced with a numerical model 

assuming linear behaviour in the elastic range; however, it manages to capture the average 

stiffness of the earthbag pile.  

Furthermore, the failure mode of superadobe in compression is caused by the tearing of the bag 

in tension, which means that in reality the parameter that controls the compression capacity of an 

earthbag is the tensile strength of the bag, not the compression strength of the soil. This behaviour 

is also impossible to reproduce with a macro-model, and more sophisticated and detailed 

analyses would be needed to simulate it.  

 

 

Shear tests 
 
Due to some problems that occurred during the tests of the shear walls, the normal load applied 

was not constant. Therefore, it was decided to plot the displacements in relation with the ratio 

between the horizontal load and the normal load implemented at each moment. Since the values 

of the vertical load at each step are unknown, in the numerical models the normal load considered 

is a constant distributed load equal to the average value calculated in the experiments. Moreover, 

for the plain walls, the slip plane where the failure through sliding occurred was known, the self-

weight was added to the vertical load considered in the graphs.  

The figures (3.19, 3.20, 3.21 and 3.22) present the results obtained for the models loaded with 

0.85, 11.73 and 13.64 kN. A fourth experiment was performed for an average load of 23.66 kN, 

however, the increase of the vertical load aggravated the problems during the tests, and thus, the 

results obtained from it are less reliable. 

 
 

Figure 3.19 – H/N vs displacement for a normal load of 0.85 KN with ft = 3 KPa and 3 N/m 

 

In the figure (3.19)  are compared the experimental curve with the numerical curve obtained with 

the parameters shown in the table (3.7). It can be observed that the results obtained from the 

model reach a higher peak load than the experimental tests, however, just after the peak it is 
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produced a sudden drop in the shear resistance that continues almost constant. The reduction in 

the shear resistance occurs due to the development of a shear crack, as it is seen in figure (3.20), 

which will eventually provoke the collapse of the wall.  

 

Figure 3.20 – Failure mode of the shear wall with a normal load of 0.85 KN and ft = 3 KPa and 3 

N/m 

 

In order to improve the behaviour of the model, the tensile strength and the tensile fracture energy 

were adjusted to acquire a lower peak load closer to the real value. In the results are shown in 

the figure (3.21) a tensile strength of 1KPa and a tensile fracture energy of 0.001 KN/m were 

used, values three times lower than the previous analysis. 

 

Figure 3.21 – H/N vs displacement for a normal load of 0.85 KN adjusting the peak load with ft = 

1 KPa and 1 N/m 

 

It can be appreciated that the peak load that the model achieves has considerably decreased with 

the reduction of the tensile strength. Furthermore, the behaviour of the model after cracking 

remains almost the same as the one seen before, and the failure mode is also produced by shear 

cracking in a similar position.  

The figures (3.22 and 3.23) show the results of the shear walls that were tested under an average 

normal load of 11.73 and 13.64 KN respectively. In the case of the 11.73 KN wall, the experiment 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0 5 10 15 20 25 30 35 40 45

H
/N

 (
in

cl
ud

in
g 

se
lf 

w
ei

gh
t)

Top course displacement (mm)

Shear model with normal load = 0.85 KN

experimental
curve

1_0.001_ geo
linear

1_0.001_ geo
non linear



Numerical simulation strategies for superadobe walls and arches 

 
 

Erasmus Mundus Programme 

ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL 
CONSTRUCTIONS 
 82 

was stopped after the peak load was reached, and therefore the great displacements seen in the 

previous case were not achieved. 

 

Figure 3.22 – H/N vs displacement for a normal load of 11.73 KN with ft = 3 KPa and 3 N/m 

 

 
Figure 3.23 – H/N vs displacement for a normal load of 13.64 KN with ft = 3 KPa and 3 N/m 
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capacity before and after the shear crack occurs. On the other hand, the geometrically non-linear 
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similar to the real one, since it shows a more pronounced decrease in the shear resistance than 

the geometrically linear analysis. 

The failure mode for both walls is produced by the development of shear cracks, as it is seen in 

figure (3.24). However, the failure seen in the experimental campaign was not caused by shear 

cracks, it occurs when the top part of the wall first rotated due to the unbalanced loads applied on 

it and finally it slipped diagonally. This difference in the failure mode cannot be solved using a 

macro-model, since the walls are treated as a continuous element and thus, sliding is impossible 

to occur. 

 

Figure 3.24 – Failure mode of the shear wall with a normal load of 11.73 KN and ft = 3 KPa and 

3 N/m 

 

 

Bending test 
 
The figure (3.25) shows the results obtained from the bending model using the parameters 

previously exposed in the table (3.7). Since a difference was seen in the results acquired with the 

use of a geometrically linear or non-linear analysis, there are also compared these two 

possibilities in bending to assess which analysis reproduces better the out of plane behaviour. 

 
Figure 3.25 – Load/displacement graph of the bending model with ft = 3 KPa and 3 N/m 
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show a different behaviour. The analysis considering the geometrical non linearity showed a more 

pronounced drop of the resistance capacity, as well as more difficulties of convergence which 

stopped sooner the analysis. However, the geometrically linear analysis, even if it suffered also a 

reduction in the resistance after reaching the peak load, it managed to maintain a higher shear 

capacity more similar to the real behaviour of the wall.  

Nevertheless, as it happened in the shear walls, the failure mode was not properly simulated. The 

experiments failed with a combination of sliding and bending, whereas the models failed with a 

combination of shear and bending, as it is seen in the figure (3.26), since the sliding is not possible 

for this models.  

 

 

Figure 3.26 – Failure mode of the wall subjected to out of plane loads with ft = 3 KPa and 3 N/m 

 

3.5.2 Barbwire wall 

The barbwire walls were analysed experimentally in shear and bending, but there are not results 

of a compression test. Thus, for the analysis of these models they are assumed to have the same 

compression strength of the plain walls. This is not completely accurate since, considering that 

the earthbags break in compression due to the tearing of the bags, the addition of barbwire may 

help to produce this tearing at a lower normal load. Nevertheless, the results obtained for both 

shear and bending do not show a decrease in the strength of the structure compared to the plain 

walls and therefore, it is considered as valid to take the same compressive strength of the plain 

walls. 
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Table 3.8 – Parameters used for the analysis of barbwire walls 

Linear material properties Tensile behaviour  Compressive behaviour 

Young’s 

modulus (MPa) 

10 Linear-crack energy  Ideal  

Poisson’s ratio 0.3 Tensile strength 

(KPa) 

30 Compressive strength 

(MPa) 

1.3 

Mass density 

(Kg/m3) 

1756.7 Tensile fracture 

energy (KN/m) 

0.004   

 
 
Shear tests 
 
The same problems to maintain a constant normal load that were seen in the plain walls happened 

in the barbwire walls. Therefore, the graphs will also show the relationship of the displacements 

with the ratio between the horizontal load applied and the normal load. However, in this case the 

self-weight is not considered in the results. 

The figures (3.27 and 3.28) present the results obtained for the two walls tested with barbwire, 

which were loaded with an average vertical load of 1.44 and 2.24 KN. Since both walls exhibit a 

similar behaviour and therefore, they are analysed together. 

 
 

Figure 3.27 – H/N vs displacement for a normal load of 1.44 KN with ft = 30 KPa and 4 N/m 
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Figure 3.28 – H/N vs displacement for a normal load of 2.24 KN with ft = 30 KPa and 4 N/m 

 
It is observed that in for the wall loaded with 1.44 KN, the peak load is a little overestimated, while 

in the wall loaded with 2.24 KN it is determined more accurately. In both cases, it is seen an initial 

linear behaviour that changes after the first cracks are developed. After this, there is a decrease 

in the shear capacity and there appeared differences in the results of the two numerical curves. 

The geometrically non-linear analysis approaches better to the real behaviour of the walls, since 

its shear resistance stays almost constant or decreasing after cracking. Contrary to the 

geometrically linear analysis, that shows a slow increase of the resistance capacity after cracking. 

The failure of the experimental walls with barbwire changed compared to the plain walls. It was 

no longer caused by sliding, since the barbwire provides enough frictional resistance to prevent 

it. The failure was finally caused by a combination of rotation in the centre of the wall with shear 

that finished with the compression failure of the bags. This characteristic type of failure is 

impossible to be reproduced with a macro-model. Nevertheless, a change was seen in the failure 

mode of the wall that was now caused by bending cracks instead of shear cracks, as it is seen in 

the figure (3.29). 

 

 
Figure 3.29 – Failure mode of the shear wall with a normal load of 1.44 KN and ft = 30 KPa and 

4 N/m 
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Bending test 
 
As it has seen in the shear walls, the barbwire provides enough frictional resistance to prevent 

sliding failure. Moreover, it supports the walls together reaching great displacements and 

deformations. The figure (3.30) shows the results obtained from the bending model using the 

parameters previously exposed in the table (3.8).  

 
 

Figure 3.30 – Load/displacement graph of the bending model with ft = 30 KPa and 4 N/m 

 

In the figure (3.30) is seen that the experimental curve shows a lower initial stiffness than the one 

observed in the plain walls. Furthermore, the general behaviour differs from the plain walls, since 

it is appreciated that, with the addition of the barbwire, the shear capacity increases with large 

displacements instead of decreasing.  

In this case, the results obtained from the numerical models do not match the real behaviour of 

the structure. The initial stiffness is higher, as well as the peak load, and for large displacements, 

they show lower capacity than the experimental curve. Nevertheless, the failure mode, which is 

produced by bending (figure 3.31), is approximate to the experimental tests than the one achieved 

in plain walls. 

 

 

Figure 3.31 – Failure mode of the bending wall with ft = 30 KPa and 4 N/m 
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Since a successful reproduction of the out of plane behaviour was not achieved with these 

parameters, the tensile strength and the tensile fracture energy are adjusted in order to improve 

the accuracy of the models.  The following analysis presented in the figure (3.32) was performed 

using the values from the table (3.9). 

 
Table 3.9 – Modified parameters used for the analysis of barbwire bending walls 

Linear material properties Tensile behaviour  Compressive behaviour 

Young’s 

modulus (MPa) 

10 Linear-crack energy  Ideal  

Poisson’s ratio 0.3 Tensile strength 

(KPa) 

3 Compressive strength 

(MPa) 

1.3 

Mass density 

(Kg/m3) 

1756.7 Tensile fracture 

energy (KN/m) 

0.1   

 

 
 

Figure 3.32 – Load/displacement graph of the bending model with ft = 3 KPa and 100 N/m 

 
In the figure (3.32)is seen that the adjusted parameters, where the tensile strength was lowed 

three times and the tensile fracture energy was significantly increased, reproduce better the 

bending behaviour. Especially the geometrically linear behaviour, which maintains a higher 

resistance capacity after it has plasticised. However, the simulation of the increase of the 

resistance capacity with large displacements is still not achieved. Furthermore, the change of 

parameters affected also the failure mode of the wall, which passes from bending to a combination 

of shear and bending, as it is seen in figure (3.33). 
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Figure 3.33 – Failure mode of the bending wall with ft = 3 KPa and 100 N/m 

 

3.5.3 Stabilised wall 

The walls were stabilized by adding a 5% of cement to the sand infill and no water, since the sand 

already had a small moisture content. The final weight was 20 Kg, the same as the unstabilised 

bags; however, the added cohesion in the infill increases the density of the bags when tamped. 

These type of walls were only tested in compression and bending. 

 

Table 3.10 – Parameters used for the analysis of stabilised walls 

Linear material properties Tensile behaviour  Compressive behaviour 

Young’s 

modulus (MPa) 

15 Linear-crack energy  Ideal  

Poisson’s ratio 0.3 Tensile strength 

(KPa) 

2.5 Compressive strength 

(MPa) 

1.3 

Mass density 

(Kg/m3) 

2177.3 Tensile fracture 

energy (KN/m) 

0.001   

 

 

Compression test 
 
By stabilising, the infill of the bags is expected to have an improvement in the compressive 

strength, as well as less deformability of the bags that will behave more similar to rigid blocks. 

The figure (3.34) presents the load/displacement and stress/strain graphs of the stabilised pile 

compared with the results previously obtained for the unstabilised tests. The strains are 

calculated, as it was explained for unstabilised piles, using the formula (3.4), taken from Tantono 

2007. 
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. 

 

Figure 3.34 – Comparison of unstabilised with fc= 1.3 MPa and stabilised piles with fc= 1.5 MPa 

in compression 

As it was predicted, the stabilised bags, represented in dark grey in the graphs, reach a higher 

load and a lower displacement before failure. As it happened in the unstabilised bags, the initial 

stiffness is very low and it increases with compression, since the bags become more flat and 

compacted and the contact area increases. The numerical curves simulate accurately the 

behaviour of the bags near the peak load, but not the initial or the post peak behaviour, since they 

do not model the variation of stiffness or the drop of compression capacity after the maximum 

load is achieved. Furthermore, as it was said in the unstabilised bags, the failure mode occurs 

when the bag tears in tension, which is not possible to simulate with these models. 

 

Bending test 
 

The behaviour of the stabilised wall in bending was similar to the one observed in unstabilised 

walls. However, it showed a stiffer behaviour and reached a slightly higher maximum load and 

smaller displacements before failure, as it can be seen in figure (3.35). 

 

Figure 3.35 – Load/displacement graph of the bending model with ft=2.5 KPa and 1 N/m 
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The graph presents a comparison between the unstabilised and stabilised experimental curves, 

together with the two numerical approximations of the stabilised models. Both results from the 

models show a similar behaviour until the peak load is reached, which is a little overestimated 

comparing to the tests. Afterwards, they exhibit a drop in the shear capacity, produced by the 

development of a shear crack in the left part of the wall, as it is seen in figure (3.36). Subsequently, 

the resistance capacity continues increasing in the geometrically linear analysis, contrary to what 

happened in the experimental test. The geometrically non-linear analysis matched better the 

behaviour after cracking, however, the model showed more difficulties to converge, and the 

behaviour for great displacements was not captured.  Furthermore, as it is appreciated in figure 

(3.36), the models failed with a combination of shear and bending cracks, which does not 

reproduce accurately the real failure mode that is caused by the sliding of the bags.  

 

Figure 3.36 – Failure mode of the bending wall with  ft=2.5 KPa and 1 N/m 

 

 

3.6 Sensitivity analysis 

In order to calibrate and simulate the behaviour of the earthbags accurately is important to 

evaluate the parameters that will affect more on their structural response. It was seen before that 

the only characteristic that will change the behaviour of the uniaxial compression test is the 

compressive strength and that it will not affect the shear and bending behaviour. Thus, in this part 

it is only analysed the influence of the tensile strength, the tensile fracture energy and the 

geometrical non-linearity in the shear and bending models. 

 

3.6.1 Influence of the tensile strength 

 In the figure (3.37) is analysed the influence of the tensile strength in the maximum load and 

maximum displacement achieved in a wall before cracking. Here are presented the values for the 

plain walls subjected to three different normal loads, and with a constant value of tensile fracture 

energy of 3 N/m. 
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Figure 3.37 – Displacement/ tensile strength (left), load/ tensile strength (right) with a constant 

tensile fracture energy of 3 N/m 

 

It is clearly appreciated that the increase of the tensile strength affects both the maximum 

displacement and the maximum load rising them. However, it is seen in the graphs that both the 

load and the displacement do not increase linearly to the tensile strength. In fact, the slope of the 

curve is initially steeper and changes the inclination approximately at a value of 3.5 KPa. This 

behaviour shows that the influence of the tensile strength in the maximum load and maximum 

displacement supported by an earthbag wall is more pronounced in lower values. 

The figure (3.38) presents the influence of the tensile strength in the load diplacement curves of 

the shear models loaded with 0.85 and 11.73 KN. The curves presented have a constant tensile 

fracture energy of 3 N/m, only changing the tensile strength from one to another. 

 
 

Figure 3.38 – Load/displacement graph for different tensile strengths and a constant tensile 

fracture energy of 3 N/m 
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load and the displacemnt is significantly higher from the ft=1.5 KPa to the ft =3 KPa than for higher 

values. However, it is observed that the tensile strength at low values affects the maximum load 

before cracking, but it does not influence the behaviour of the structure after cracking.  

In the right picture, which presents the same curves but regarding a wall subjected to a normal 

load of 11.73 KN, it can also be seen an influence of the tensile strength in the maximum load 

before cracking. However, the effect is much lower than for walls under less vertical loads. This 
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might be due to a higher resistance of the wall which is difficult to influence with the low values of 

tensile strength that are being examined in these walls. 

The figures (3.39 and 3.40) show the influence of the tensile strength in the failure mode of the 

walls with normal loads of 0.85 and 11.73 KN. The tensile strengths examined are 3, 5 and 10 

KPa, corresponding to the curves seen in the figure (3.38), with a constant fracture energy of 3 

N/m. 

Figure 3.39 – Failure mode of the shear wall with N=0.85 KN and ft = 3, 5 and 10 KPa  

 
Figure 3.40 – Failure mode of the shear wall with N=11.73 KN and ft = 3, 5 and 10 KPa  

 
In the figure (3.39) is easily observed that the increase of the tensile strength have a great effect 

in the failure mode of the wall. It changes from failing by shear for ft = 3 KPa to a bending failure 

for higher values. However, this behaviour differs for the wall loaded with 11.73 KN, since even 

for ft = 10 KPa, the failure mode is still mainly produce by shear. As it was thought before, the 

higher resistance of the wall, which will need a significant increase of the tensile strength in order 

to affect the failure mode, might cause this difference. 

The figure (3.41) evaluates the influence of the tensile strength in the behaviour of a wall 

subjected to out of plane loads. It presents the load displacement curve with a constant tensile 

fracture energy of 3 N/m and changing the tensile strength from 3 to 10 KPa. 

Figure 3.41 – Load/ displacement of the bending wall with three different tensile strengths and 

constant tensile fracture energy of 3 N/m 
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In the graph it can be seen a slightly increase of the maximum load. However, the behaviour after 

the first crack appears is very similar for all the cases. The main difference can be seen during 

the plastic behaviour, where it is seen another decrease in the capacity of the wall, which occurs 

in a lower displacement in the curve with the lower tensile strength.  

 

3.6.2 Influence of the tensile fracture energy 

In the figures (3.42 and 3.43) is analysed the influence of the tensile fracture energy in the 

maximum load and the maximum displacement before cracking. The three curves in figure (3.42) 

correspond to the shear walls subjected to three different normal loads 085, 11.73 and 13.64 KN, 

and the values shown correspond to a constant tensile strength of 10 KPa. The figure (3.43) 

presents the load displacement curves for the shear wall with normal loads of 0.85 and 11.73 KN, 

with the same tensile strength and variations of tensile fracture energy of figure (3.42). 

 

 
Figure 3.42 – Displacement/ tensile fracture energy (left), load/ tensile fracture energy (right) 

with a constant ft= 10 KPa 

 

 

Figure 3.43 – Load/displacement graph for different tensile fracture energies and a constant ft= 

10 KPa 
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(3.42) shows a linear increase of the maximum displacement and the maximum load that, contrary 

to what happened in the previous case, the slope is steeper for higher values of the tensile fracture 

energy. This is also seen in the figure (3.43); however, the influence of this parameter in the load 

and displacement achieved before cracking is much smaller than the one produced by the 

increase of the tensile strength. Furthermore, as it is presented in figure (3.44), the tensile fracture 

energy does not affect the failure mode of the wall, which it is caused by bending in all cases. 

 

Figure 3.44 – Failure mode of the shear wall with N=0.85 KN and fracture energy = 3, 5 and 10 

N/m  

 

In the figure (3.45), the influence of the tensile fracture energy is evaluated in the bending wall. 

The graph presented shows the behaviour of a plain wall with a tensile strength of 10 KPa and 

three different values of fracture energy. 

 

 
Figure 3.45 – Load/ displacement of the bending wall with three different tensile fracture 

energies and ft= 10 KPa 

In the graph it can be seen a clear influence of the fracture energy in the behaviour of the wall. 

The linear behaviour is not affected, however, the maximum load increases with the increase of 

this parameter, contrary to what happens with the tensile strength. It can also be seen that the 

curves with the higher fracture energy values maintain a higher resistance after cracking, which 

also differs from the behaviour seen in the previous case.  
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3.6.3 Influence of the geometrical non linearity 

As it was seen during the explanation of the results, with the consideration of the geometrical non-

linearity during the analysis there are obtained results that differ from the geometrically linear 

analysis. In the figure (3.46) there are seen two cases where it can be easily seen the influence 

of the geometrical non-linearity in the analysis. The figures in the left present the load 

displacement curve of a shear wall (left) and a bending wall (right). 

 
Figure 3.46 – Shear wall with N= 11.73 KN and ft= 10 KPa and 10 N/m (left), wall tested in 

bending with ft= 10 KPa and 3 N/m (right)  

 

In the figure of the right, it is seen that the initial behaviour is very similar for both analysis. 

However, this change after the peak is reached; where it is observed that the curve obtained 

using geometrical linearity maintain an almost constant shear resistance while in the other 

continues decreasing.   

The figure of the left presents a slightly different behaviour. The difference in the behaviour of the 

two curves is already observed before cracks start developing, which it does not happen in the 

right figure. This distinction might occur due to the large displacements that the left figure suffers 

before cracking. Regarding the failure mode, a difference in the step when the cracks appeared 

was perceived, but the cause of the failure did not change. 

  

 

3.7 Final remarks 

Two different constitutive models were compared and analysed  in order to assess their suitability 

to model the behaviour of the earthbag structures. Even if Mohr Coulomb showed a good 

behaviour in compression, it was not possible to simulate accurately the shear behaviour of the 

walls. Thus, the total strain rotating crack based, which presented good results for both 

compression and shear, was used for the following analyses. 

Evaluating the results obtained for the different models, certain conclusions can be drawn. First, 

it was seen that, even if a close approach to the real behaviour was reached, it was not possible 
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to simulate correctly the failure modes that occur in the earthbag structures. This happens due to 

the use of a macro-model, which does not allow reproducing the sliding failure or the local 

deformations. Second, the modelling of the barbwire wall with out of plane loads supposed a 

challenge, since it showed a progressive increase of the resistance capacity with the 

displacements, which was not fully acquired with the model. 

Finally, a sensitivity study was conducted to understand the influence of the different parameters 

in the behaviour of the models. From this study, it was observed that the parameter that controls 

the maximum load and maximum displacement before cracking is mainly the tensile strength, 

which also controls the failure mode of the structure. The tensile fracture energy was also seen 

to influence the peak load, mostly in the model subjected to bending, however it had no effect in 

the failure modes. The use of geometrical non-linearity showed an influence in the resistance 

capacity of the structure after cracking or after great displacements had occurred. 
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4. NUMERICAL ANALYSIS OF SUPERADOBE ARCHES 

4.1 Introduction 

In the previous chapter the behaviour of earthbag walls was analysed, however, even if this 

geometry is also used  for the construction of rectangular buildings, the most common shape that 

has been used with superadobe are the corbelled domes. No experimental tests in whole domes 

have been performed, and therefore there are still no data to calibrate and compare a model of a 

whole dome. Nevertheless, in the construction of the domes it is also important the use of arches 

for the creation of doors and windows. For this reason it was thought to be interesting to analysed 

and assess the behaviour of the earthbag arches. Consequently, a numerical model was 

performed reproducing the experimental campaign carried out by Pelly (2009) and Vagdama 

(2010) and it was analysed for two different load positions and three types of construction 

arrangements. 

 

4.2 Selection of the structural models 

For the analysis of earthbags arches, three different analytical methods were used : graphic 

statics, kinematic limit analysis and finite element model. Here under the possibilities and 

drawbacks are assessed in the use of the different methods and their applicability to superadobe 

constructions. 

Graphic statics and kinematic limit analysis have been often applied for masonry structures. The 

graphic statics method considers an arch as stable if a thrust line can be fit in its thickness and it 

provides a lower bound estimate of the failure load. On the other hand, the kinematic limit analysis 

determines the upper bound estimate of the ultimate failure load, which is reached when an 

assumed failure mechanism is formed by the development of enough hinges. Both are based on 

equilibrium, taking only into consideration the density and geometry of the arch. This lack of need 

of material properties is very convenient for calculating earthbag structures, since most of their 

material properties are variable or unknown.  

Nevertheless, these analysis methods assume certain hypothesis, normally suitable for masonry, 

which might not be appropriate for superadobe. First, the elements are considered rigid blocks, 

which might be a problem for earthbags due to their great deformability. Second, the compressive 

strength is assumed to be infinite. This can be applied also for earhtbags since the loads to which 

they are subjected in construction are very small comparing to their compressive resistance. 

Third, the tensile resistance is considered zero, which is not completely true since the bags and 

the barbwire provide some tensile strength to the structure. Finally, the sliding failure is not 

considered possible, which might result also a problem for superadobe, mainly if barbwire is not 

included between the bags. 
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The finite element method allows a great variety of possibilities for the description of the 

structures, including its non-linear behaviour. It allows the reproduction of the plastic behaviour 

and the crack development, which was not possible with the other methods. However, as it was 

seen in the part (3.2.1) there are some drawbacks to this analysis method such as the need of 

many mechanical properties of the material to obtain an accurate model and the intense 

computational effort required. 

 

 

4.3 Model characteristics 

Here under the two arch models analysed and their characteristics are presented, which are 

chosen to represent as precise as possible the experimental tests. Since the difference between 

the two models is only the position of the load applied, they are explained together. 

 

4.3.1 Arch tests 

The models try to simulate the arch tests performed by Pelly 2009, reproducing as far as possible 

the geometry, loads and constraints of the experiment. As it is seen in figure (4.1 and 4.2), the 

model consists on an arch formed by 27 bags with a span between buttresses of 2200 mm and a 

middle rise of 500 mm. The bags used were initially of the same dimensions of the ones used for 

the walls 230x450x110 mm, however, due to the need of double tamping to build a stable well-

supported arch, the dimensions varied and the bags became thinner and deeper. For the model 

the irregularities of the bags are not considered and it is modelled as a continuous element. 

The arch is constrained horizontally and vertically in the ends, only allowing rotations. In the case 

of the model loaded in the middle (figure 4.1), the possibility of analysing the half of the arch was 

also proposed, since it is symmetric, adding a horizontal restraint that will function as the 

symmetry. The vertical loads are applied with displacement control in a length of one bag to avoid 

the concentration of stresses, and they are placed in the middle span for the plain model and in 

the quarter span for the plain, barbwire and stabilised model.  

 

Figure 4.1 – Arch model loaded in middle span with and without the use of symmetry   
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Figure 4.2 – Arch model loaded in quarter span   

 

The arch is modelled in 2D, using regular isoparametric plane stress elements, which must have 

a small thickness compared to the other two dimensions and are characterised to assume the 

stress components perpendicular to the element face to be zero. The plane stress elements can 

have quadrilateral or triangular shape, for this model there are used linear quadrilateral elements 

with 4 nodes, Q8MEM. The mesh was defined manually in order not to have triangular elements 

mixed with the quadrilateral ones and has an approximate size of 1.5 cm. The behaviour of the 

model is assumed to be parabolic in compression, based on fracture energy, and for tension is 

applied a fracture energy base linear tension softening law (figure 4.3). 

 

Figure 4.3 – Constitutive model for compression (left) and tension (right)   

 
 

4.4 Results of numerical simulations with total strain crack based model 

In this chapter, the results of the analyses performed to evaluate the superadobe arches are 

exposed and compared.  

 

4.4.1 FEM models 

Here the results obtained from the analysis of the arch models are presented. As it has been said 

before, two models have been studied and compared to the experimental results: arches loaded 

in the middle and loaded in quarter span. Furthermore, three variations in the construction process 
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have been also analysed for the quarter span arches, which changed the structural behaviour of 

the structure: plain arches, arches with barbwire between the bags, and arches with stabilized 

infill.  

The analysis parameters used for all cases were: regular Newton-Raphson iteration method with 

tangential stiffness in the first iteration step, with a maximum number of iterations of 300; a 

convergence norm of energy (1%), displacement (1%) and force (1%), and defined load steps 

were used. Moreover, both geometrical linearity and geometrical non-linearity were used. 

 
 
Plain arch 
 
The plain arch is built without the addition of barbwire or the stabilization of the infill. For this case, 

the arch was tested with two different load positions, mid-span and quarter-span, and, as 

expected, the mid-span loaded arch showed a higher resistance due to the more favourable 

placement of the load. Here the closest results to the experimental campaign are shown, which 

were obtained using the parameters of the tables (4.1 and 4.2). 

 
Plain arch with mid-span load  
 
The arch loaded in mid-span was modelled in two different ways: first, the complete arch was 

simulated, and second, due to its symmetry, just half of the arch was considered. In both cases 

several problems were encountered that were not possible to overcome in order to have accurate 

results. Here under the most approximate results are presented together with the difficulties that 

were found. 

 

The figure (4.4) shows the curves obtained from the complete arch model with both geometrical 

linearity and non-linearity. The properties are the same for the curves expect for the tensile 

strength and the tensile fracture energy, which are 12 KPa and 300 N/m for geometrical linearity 

and 50 KPa and 300 N/m for geometrical non-linearity. 

 

Figure 4.4 – Load displacement of the mid-span arch with ft= 12 KPa and 300 N/m for 

geometrical linearity and ft= 50 KPa and 300 N/m for geometrical non-linearity 
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In the figure is seen that the geometrically linear curve approaches better the initial behaviour of 

the experimental curve, however, the behaviour changes when the arch starts cracking. The 

different drops in the resistance seen in the curve belong to the different cracks that appear (figure 

4.5). Here it is found a problem, when it is seen that the failure mode of the arch, instead of 

forming the corresponding five hinges, only develops the first hinge under the position of the load 

and then this crack, at a certain point starts spreading horizontally, as it is seen in figure (4.5). 

This behaviour is thought to happen due to the low value of tensile strength used or due to an 

effect of the symmetry of the arch. 

Therefore, for the geometrically non-linear curve higher values of tensile strength were used. This 

results in a higher resistance capacity of the arch, as it can be observed in the graph. Despite 

this, with the increase of the tensile strength it was possible to change the failure mode of the 

arch, seen in figure (4.6). In this case, the failure was produce by the development of three hinges. 

Nevertheless, instead of forming five symmetric hinges, there was a clear tendency towards the 

left side. In order to account explicitly for the symmetry of the experiment, a different model was 

performed for this case only considering half of the arch. 

 

Figure 4.5 – Failure mode for the geometrically linear analysis with ft= 12 KPa and 300 N/m   

 

Figure 4.6 – Failure mode for the geometrically non-linear analysis with ft= 50 KPa and 300 N/m   

 

The figure (4.7) presents the results of the analysis performed in the symmetric arch. The values 

used for both geometrical linearity and non-linearity are 35 KPa of tensile strength and 400 N/m 

of tensile fracture energy.  



Numerical simulation strategies for superadobe walls and arches 

 
 

Erasmus Mundus Programme 

ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL 
CONSTRUCTIONS 
 104 

 

Figure 4.7 – Load displacement of the mid-span symmetric arch with ft= 35 KPa and 400 N/m   

 

In the figure are perceived clear differences in the resistance capacity if the geometrical non-

linearity is considered. Therefore, in order to obtain a close approach with a geometrically linear 

analysis, there should be used a considerably lower tensile strength value. However, since it was 

seen that for 35 KPa it is already reproduce the same failure mode observed in the previous case, 

not other analysis were performed. 

The geometrically non-linear curve manages to simulate fairly accurately the behaviour of the 

arch until the peak load, but it did not capture the plastic behaviour. Furthermore, it was observed 

that not long after the maximum load was reached, the crack that had appear in the lower part of 

the position of the load started spreading horizontally, as it is seen in figure (4.8). Higher values 

of tensile strength were tried in order to eliminate this behaviour, yet the values needed to stop 

this problem, increase significantly the resistance capacity, distancing the results from the real 

behaviour of the earthbag arches. The problem is considered to be due to poor performance of 

standard finite elements in localizing the damage in bending problems, as already highlighted in 

the scientific literature on computational failure mechanics (Cervera et al 2010). 

 

 

Figure 4.8 – Failure mode for the geometrically non-linear analysis of the mid-span symmetric 

arch with ft= 35 KPa and 400 N/m     
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Plain arch with quarter-span load  
 
The experimental test showed that the plain arch has an initial stiff behaviour that changes when 

the load peak is reached becoming highly plastic and achieving great deformations and rotations 

before finally collapsing by sliding. In order to represent this behaviour both geometrical linearity 

and non-linearity were considered and compared, showing quite different results that are 

explained separately here below.  

The figure (4.9) shows the vertical load vertical displacement graph with the most approximate 

results obtained using geometrical linearity in the analysis and compared with the curve acquired 

from the experimental results. For this analysis, the compressive strength is assumed to be the 

one calculated for the plain walls and the parameters used are presented in table (4.1). 

 
Table 4.1 – Parameters used for the analysis of the quarter span arch with geometrical linearity 

Linear material properties Tensile behaviour  Compressive behaviour 

Young’s 

modulus (MPa) 

10 Linear-crack energy  Parabolic  

Poisson’s ratio 0.3 Tensile strength 

(KPa) 

11 Compressive strength 

(MPa) 

1.3 

Mass density 

(Kg/m3) 

2177.3 Tensile fracture 

energy (KN/m) 

0.7 Compressive fracture 

energy (KN/m) 

130 

 

 
Figure 4.9 – Load/ displacement of the quarter span arch with geometrical linearity and ft= 11 

KPa and 700 N/m 

In the figure can be seen that, even if it shows a slightly higher initial stiffness, the numerical curve 

manages to match accurately the behaviour of the experimental curve until the peak load is 

reached. However, it did not achieve to reproduce the plastic behaviour of the arch, and stopped 

converging not long after the peak load.  
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The failure mode, shown in the figure (4.10), occurs due to the rotations suffered by the arch, 

which formed hinges first in the point where the load is placed, second near the right support and 

third in the right quarter span of the arch. Nevertheless, the fourth hinge needed for the collapse 

was not possible to attain.  

As it happened with the walls, the failure mode it is not well simulated since in reality it finally 

happens by sliding, which is not possible to represent with a macro-model. Moreover, in the 

experiment no clear formation of hinges was seen, but a general deformation and redistribution 

of the forces, which led to the final sliding collapse. 

 

Figure 4.10 – Failure mode of the quarter span arch with geometrical linearity and ft= 11 KPa 

and 700 N/m 

 

The second graph, figure (4.11), shows the two best results obtained using geometrical non-

linearity. To represent correctly the real behaviour with this type of analysis it was needed to vary 

the tensile strength with respect to the previous values used. The parameters used are presented 

in table (4.2). 

 

Table 4.2 – Parameters used for the analysis of quarter span arches with geometrical non-

linearity 

Linear material properties Tensile behaviour  Compressive behaviour 

Young’s 

modulus (MPa) 

10 Linear-crack energy  Parabolic  

Poisson’s ratio 0.3 Tensile strength 

(KPa) 

18 

and 

19 

Compressive strength 

(MPa) 

1.3 

Mass density 

(Kg/m3) 

2177.3 Tensile fracture 

energy (KN/m) 

0.7 Compressive fracture 

energy (KN/m) 

130 
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Figure 4.11 – Load/ displacement of the quarter span arch with geometrical non-linearity and ft= 

18 and 19 KPa and 700 N/m 
 
In the figure shows two curves with a small change in the tensile strength compared to the 

experimental curve. It can be perceived that both results presented achieve to simulate the 

behaviour of the earthbag arch. However, there are some differences between them. The curve 

with higher tensile strength arrives to a closer peak load value, but it maintains a higher resistance 

in the plastic behaviour until a steep drop is produced, which occurs at a smaller displacement 

than the experimental curve. 

Nevertheless, comparing to the results previously presented, both curves approximate better the 

highly plastic behaviour. This could happen because the geometrical non-linearity redistributes 

the stresses at each step, adapting better to the great deformations of the superadobe arches. 

The failure mode is seen in the figure (4.12). The formation of two hinges can be appreciated in 

the picture of the middle; however, no more development occurs before collapse and only the 

hinge under the applied load is defined. This behaviour results to be more approximated to the 

experimental one, since, as it was explained before, no clear hinges  were formed, but mostly a 

great general deformation that led to a final sliding failure.  Nevertheless, the complex combined 

failure mode of the earthbags is still not accurately represented with this model. 

 

 
Figure 4.12 – Failure mode of the quarter span arch with geometrical non-linearity and ft= 18 

KPa and 700 N/m 
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Barbwire quarter-span load 
 

Even though the addition of barbwire was though to increase the strength of the arch, the 

experimental campaign showed otherwise. The results obtained were similar to the plain arches, 

even showing a decrease on the maximum load. Nevertheless, no sliding collapse was seen, and 

the arch reached larger deformations before failing. 

For this model, as it was done in the walls, it is assumed the same compressive strength of the 

plain model. Furthermore, due to the similarities in their behaviour, the parameters used to 

reproduce the barbwire arch are very close to those of the plain arch (table 4.3 and 4.4).  

 

Table 4.3 – Parameters used for the analysis of barbwire arches with geometrical linearity 

Linear material properties Tensile behaviour  Compressive behaviour 

Young’s 

modulus (MPa) 

10 Linear-crack energy  Parabolic  

Poisson’s ratio 0.3 Tensile strength 

(KPa) 

10 Compressive strength 

(MPa) 

1.3 

Mass density 

(Kg/m3) 

2177.3 Tensile fracture 

energy (KN/m) 

0.6 Compressive fracture 

energy (KN/m) 

130 

 
The figure (4.13) shows the best-fit results obtained using geometrical linearity in the analysis and 

compare them with the curve acquired from the experimental results. The parameters used for 

this analysis are shown in the table (4.3). 

 
 

Figure 4.13 – Load/ displacement of the quarter span barbwire arch with geometrical linearity 
and ft= 10 KPa and 600 N/m 

 
In the figure can be seen that the numerical curve starts showing a smaller stiffness than the 
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completely captured with the geometrically linear analysis, which stops converging not long after 

the peak load is reached. 

In this case, the addition of barbwire kept the arch together during the whole experiment without 

collapsing, but it reached so large deformations that it can be considered a serviceability failure. 

Thus, the model, which failure mode was the same explained for the plain arch (figure 4.10), do 

not predict correctly the failure of the structure.  

The following graph, figure (4.14), shows the results obtained using geometrical non-linearity. As 

it already happened in the plain arch, to represent correctly the real behaviour with this type of 

analysis it was needed to vary the tensile strength with respect to the values used previously, but 

not the tensile fracture energy. The parameters used are presented in table (4.4). 

 
Table 4.4 – Parameters used for the analysis of barbwire arches with geometrical non-linearity 

Linear material properties Tensile behaviour  Compressive behaviour 

Young’s 

modulus (MPa) 

10 Linear-crack energy  Parabolic  

Poisson’s ratio 0.3 Tensile strength 

(KPa) 

16.5 Compressive strength 

(MPa) 

1.3 

Mass density 

(Kg/m3) 

2177.3 Tensile fracture 

energy (KN/m) 

0.6 Compressive fracture 

energy (KN/m) 

130 

 
Figure 4.14 – Load/ displacement of the quarter span barbwire arch with geometrical non-

linearity, ft= 16.5 KPa and 600 N/m 
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Regarding the failure mode, as it has been said before, the barbwire arch test did not failed even 

with the large displacements that it supported, and no clear hinges were formed. The model failed 

in the same way as it has been explained for the plain arch (figure 4.12) which is comparable to 

the test in the great deformations achieved and the difficult formation of hinges.  

 

 
Stabilised quarter-span load 
 
The arch is stabilized by adding a 5 % of cement to the sand infill, which provides cohesion and 

rigidity to the bags. Therefore, the arches built with this improvement have a higher compressive 

strength and stiffness than the unstabilised ones. For the definition of the parameters of the 

model, the compressive strength is assumed to be the same as the one calculated for the 

stabilized walls. However, the stiffness is seen to increase significantly, and therefore, the 

Young’s modulus has to be calibrated together with the tensile strength and the tensile fracture 

energy.  

In the figure (4.15) are shown the most approximate results using geometrical linearity that 

reproduce the behaviour of the stabilised arch. The parameters used for this analysis are seen in 

the table (4.5). 

 

Table 4.5 – Parameters used for the analysis of stabilised arches with geometrical linearity 

Linear material properties Tensile behaviour  Compressive behaviour 

Young’s 

modulus (MPa) 

50 Linear-crack energy  Parabolic  

Poisson’s ratio 0.3 Tensile strength 

(KPa) 

40 Compressive strength 

(MPa) 

1.5 

Mass density 

(Kg/m3) 

2177.3 Tensile fracture 

energy (KN/m) 

0.15 Compressive fracture 

energy (KN/m) 

150 

 
Figure 4.15 – Load/ displacement of the quarter span stabilised arch with geometrical linearity, 

E= 50 MPa, ft= 40 KPa and 150 N/m 
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It can be appreciated in the graph the different behaviour of the stabilized arch comparing to the 

plain or barbwire arch. The initial stiffness is much higher and it reaches a greater load with 

smaller displacements. The plastic behaviour also changes, decreasing linearly with a steep slope 

instead of maintaining the resistance for great deformations. 

The curve obtained from the model simulates considerably well the elastic behaviour of the arch, 

including the maximum load, which reaches a similar value but in a slightly larger displacement. 

However, it does not manage to reproduce the plastic behaviour, since, once the third crack is 

developed (figure 4.16), a sharp drop of the resistance occurs that can be considered as the 

failure of the arch. 

Regarding the failure mode, the arch collapses when three hinges are formed, however, the fourth 

hinge, which should be needed to cause the failure of this type of arch, is not developed in the 

model. Nevertheless, the failure mode is more approximate than in the previous cases, since the 

stabilized bags work as semi-rigid blocks that do not deform as much as the unstabilised bags 

and develop appreciable hinges, although not completely well defined.  

 
Figure 4.16 – Failure mode of the quarter span stabilized arch with geometrical linearity, E= 50 

MPa, ft= 40 KPa and 150 N/m 
 
The figure (4.17) shows the behaviour of the model analysed with geometrical non-linearity. In 

this case, the only property that needs to be change to achieve a good approximation to the real 

behaviour is the tensile fracture energy that passes from 0.15KN/m to 0.2KN/m. 

 
Figure 4.17 – Load/ displacement of the quarter span stabilised arch with geometrical non-

linearity, E= 50 MPa, ft= 40 KPa and 200 N/m 
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and it manages to simulate the initial drop in the resistance after the maximum load is reached. 

However, at a similar displacement of the previous case, the same sudden fall is produced due 

to the development of the third crack and it can be considered the collapse of the arch. The failure 

mode occurs in the same way as it was seen in the figure (4.16). 

 
 

4.5 Sensitivity analysis 

As it was done in the analysis of the walls, it is performed a parametric analysis in order to 

understand which properties have more influence in the structural response of the arches. Since 

the compressive strength is assumed as fixed, considering the values obtained from the previous 

analysis, the parameters analysed are the tensile strength, the tensile fracture energy, and the 

influence of the geometrical non-linearity. Two cases are assessed, the influence in the plain arch 

and in the stabilized. This difference is made to evaluate the effect of the increase of the Young’s 

modulus. 

 

4.5.1 Influence of the tensile strength 

In the figure (4.18) is exposed the relationship of the tensile strength with the maximum load (left) 

and with the displacement where the maximum load is achieved (right). The two curves shown in 

each graph represent the values obtained considering or not the geometrical non-linearity. There 

are used fixed values of tensile fracture energy in order to assess only the influence of the tensile 

strength. The values used are 500 N/m for geometrically linear analysis and 750 N/m for 

geometrically non-linear. 

 

 
Figure 4.18 – Plain arch_Load/ tensile strength (left), displacement/ tensile strength (right) with 

tensile fracture energy = 500 N/m for geometrical linearity and 750 N/m for geometrical non 
linearity 

 
The figure shows a linear increase of both the load and the displacement where the load is 
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behaviour depending on the use or not of the geometrical non-linearity. Regardless of the higher 

or lower values achieved, which can be influenced by the use of different values of tensile fracture 

energy for each case, the slope of increase seems to be approximately the same.  

The figure (4.19) presents the influence of the tensile strength in the case of the stabilized arch, 

which has a Young’s modulus 5 times higher than the plain arch. In these graphs the fixed values 

of tensile fracture energy used are 200 N/m for geometrically linear analysis and 150 N/m for 

geometrically non-linear. 

 
Figure 4.19 – Stabilised arch_Load/ tensile strength (left), displacement/ tensile strength (right) 
with tensile fracture energy = 200 N/m for geometrical linearity and 150 N/m for geometrical non 

linearity 
 
As it happens in the plain arches, the increase of the tensile strength increases linearly the 

maximum load supported by the arch and also the displacement where the maximum load is 

achieved. However, for the displacement it is seen a slight change of behaviour, showing a non-

constant growth slope.  

 

4.5.2 Influence of the tensile fracture energy 

In the figure (4.20) is exposed the relationship of the tensile fracture energy with the maximum 

load (left) and with the displacement where the maximum load is achieved (right). The two curves 

shown in each graph represent the values obtained considering or not the geometrical non-

linearity. A fixed value of 10 KPa of tensile strength is used in order to assess only the influence 

of the tensile fracture energy. 
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Figure 4.20 – Plain arch_Load/ tensile fracture energy (left), displacement/ tensile fracture 

energy (right) with a ft= 10 KPa 
 
The figure shows a clear difference in the influence of the tensile fracture energy depending on 

the use or not of geometrical non-linearity. For the geometrically linear analysis, it is seen that 

both the load and the displacement are highly affected with the increase of the tensile fracture 

energy, growing more rapidly for lower values. However, the load and displacement for 

geometrically non-linear analysis is maintained constant, meaning that the tensile fracture energy 

has not influence on them. 

The figure (4.21) presents the influence of the tensile fracture energy in the case of the stabilized 

arch, in order to assess if the increase of the Young’s modulus affects the influence of the fracture 

energy. In these graphs it is used a fixed value of tensile strength of 40 KPa. 

 
 
Figure 4.21 – Stabilised arch_Load/ tensile fracture energy (left), displacement/ tensile fracture 

energy (right) with a ft= 40 KPa 
 
In the figure can be appreciated that both the load and the displacement increase linearly with the 

tensile fracture energy. It can also be seen that the use of geometrically non-linearity decreases 

the values of maximum load and the displacement where it is reached.  

Nevertheless, the most interesting difference is observed when this behaviour is compared to the 

influence of the tensile fracture energy seen in the previous graphs, where an important difference 

between the geometrically linear and non-linear results was perceived. This distinct behaviour 

shows that the Young’s modulus influences the effect of the tensile fracture energy in the results. 
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If it  increases, both types of analysis are seen to have a similar behaviour. However, if the value 

of the Young’s modulus is considerably low, as it happens in the plain arches, the behaviour is 

completely different from one case to the other, as it was exposed before.  

 

4.5.3 Influence of the geometrical non linearity 

In the figure (4.22) is shown the influence of the geometrical non-linearity in the load displacement 

curves of a plain arch (left) and a stabilized arch (right). For the plain arch, the parameters 

considered are 10 KPa of tensile strength and 700 N/m of tensile fracture energy and for the 

stabilized arch 40 KPa and 200 N/m. These values are the same for geometrical linearity and 

non-linearity.  

 

 
Figure 4.22 – Load/ displacement plain arch with ft= 10 KPa and 700 N/m (left), load/ 

displacement stabilized arch with ft= 40 KPa and 200 N/m (right) 
 
In the figure of the left t can be easily appreciated the difference between geometrical linearity 

and non-linearity. In the first case, it is reached a higher peak load and it does not manage to 

reproduce the plastic behaviour. While in the second case the maximum load is almost half the 

value reached with geometrical linearity, but it achieves to simulate the plastic behaviour. 

Nevertheless, this big difference is not seen for the stabilized arch. The peak load reached with 

geometrical linearity is slightly higher and the geometrical non-linearity reproduce a little better 

the initial plastic behaviour, but the difference is minimal comparing to the plain arch. This is 

caused by the higher Young’s modulus of the stabilized arch, which increases its stiffness and 

reduces the effect of the geometrical non-linearity since the material becomes more rigid and 

unable to support large displacements and deformations.   
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4.6 Graphic statics and limit analysis 

The quarter-span loaded arch is analysed using graphic statics and limit analysis to assess the 

suitability of these methods in the prediction of the ultimate load and the mechanism at failure. 

Three analysis are performed, a thrust line analysis and a kinematic analysis calculated manually, 

and finally a plastic limit analysis carried out using the software Ring 3.2. 

The failure of the arch will occur when the sufficient number of hinges is formed. In the case of 

an asymmetrically loaded arch, there are needed 4 hinges. In the thrust line analysis, the hinges 

are developed in the points where the line, which must always be inside the thickness of the arch 

for it to be stable, is tangent with the extrados or intrados of the arch. The location of the hinges 

is initially unknown, three of the four hinges needed can be assumed and defined from literature 

and similar cases, however, the fourth must be approximated and then iterated until the correct 

position is found. The challenge is to identify the position of the hinges for the case of the lowest 

possible load factor.  

This method was used together with the kinematic analysis, which analyses the arch in its 

collapse mechanism. For this method the positions of the hinges are also needed, which were 

taken from the iterations done in the thrust line analysis. In the figure (4.23) can be seen in the 

left the thrust line obtained from the analysis with the final locations of the four hinges, and in the 

right, it is presented the mechanism calculated with the kinematic approach.  

 
Figure 4.23 – Thrust line (left), kinematic mechanism (right) 

 
This method of analysis was also performed using the commercial software Ring 3.2 (LimitState, 

2016). The software allows calculating the ultimate load of an arch considering only the possibility 

of failure through the formation of a mechanism or including the possible sliding between blocks. 

In this analysis, both cases are considered, as it is seen in figure (4.24). Two friction coefficients 

were used, taken from Pelly (2009), but only the smallest one, 0.43, led to sliding failure, which 

means that the addition of barbwire is enough to change the failure mode. 

 
Figure 4.24 – Sliding failure (left), mechanism (right) 
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In the table (4.6) the results obtained from this analysis are presented and compared with the 

experimental results. It is seen that the values obtained with the limit analysis are considerably 

higher than the ones taken from the tests. This difference might mean that the assumptions 

considered for the limit analysis, explained in the part 4.2, do not hold for the analysis of earthbag 

structures. The closest approximation is observed with the stabilized arch, which is reasonable 

since the stabilized bags have a semi-rigid behaviour closer to masonry. Nevertheless, the 

difference between the real ultimate load and the one predicted with the limit analysis is still 

important. 

 
Table 4.6 – Comparison between the experimental and analytical results 

Experimental campaign Thrust line 
analysis 

Kinematic 
analysis 

Limit analysis (Ring 3.2) 

Plain arch Barbwire 
arch 

Stabilised 
arch 

Sliding Mechanism 

4.12 KN 3.85 KN 7.26 KN 10.1 KN 10.43 KN 10.5 KN 13.1 KN 

 

 

4.7 Final remarks 

In this chapter, a series of analysis of earthbag arches were performed and developed with three 

methods: finite element method, graphic statics, and limit analysis. For the finite element method 

two different load positions were considered, mid-span and quarter-span, however, for the thrust 

line and limit analyses just the last case was taken into account. 

By comparing the three methods, it was seen that the closest results were obtained with the finite 

element method, although it was not exempt of some problems. Both graphic statics and limit 

analysis overestimated the ultimate load of the arch because some of their initial hypotheses are 

not appropriate for superadobe. In the table (4.7) it is shown a resume and comparison of the 

results obtained with this method.  

 
Table 4.7 – Comparison between the experimental and FEM results 

 
 Plain arch Barbwire arch Stabilised arch 
 Load 

(KN) 
Displacement 
(mm) 

Load 
(KN) 

Displacement 
(mm) 

Load 
(KN) 

Displacement 
(mm) 

Experimental campaign 4.12 41.8 3.85 40.4 7.26 8.8 

FEM 

Geometrically 
linear 4.11 43.0 3.77 39.2 7.22 11.5 

Geometrically 
non linear 4.01 36.0 3.63 30.8 7.28 8.26 

 
Regarding the FEM analyses, accurate results were achieved for the case of the quarter span 

arch. However, the mid-span arch did not provide a realistic collapse mechanism since the cracks, 

once they reached a certain length, spread horizontally. The problem is probably due to limitations 
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in bending problems of standard finite elements that fail in localizing correctly the propagation of 

the tensile damage. 

The quarter-span arch was analysed for three different construction types: plain arch, adding 

barbwire and stabilizing the infill. The plain arch and the barbwire one acted very similarly during 

the experimental tests, and therefore, they did also in the models, where very close parameters 

were used. They were analysed considering geometrical linearity and non-linearity, and even if 

both manage to capture the behaviour until the peak load, the geometrical nonlinear analysis 

converged better and reached to simulate also the plastic behaviour. The stabilized arch had a 

different behaviour, it was stiffer which increased its Young’s modulus five times compared to the 

other models. This change caused that the geometrically linear and non-linear analysis showed 

very similar results, contrary to what happened in the previous cases. However, for the stabilized 

arch it was not possible to simulate the plastic behaviour since the resistance capacity suffered a 

sharp drop not long after the peak load was reached.  Concerning the failure modes, it was better 

captured for the stabilized arch, since it is the only case where almost clear hinges were formed 

in the experiment. For the other two cases, one failed by sliding, which is not possible to reproduce 

with a continuous model, and the other did not failed, so it was difficult to compare with the results 

obtained. 
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5. CONCLUSIONS 

5.1 Resume 

The superadobe is a construction technique that consists on building using bags filled with soil 

and adding barbwire between the courses. It is a simple, durable, sustainable, and affordable 

technique that has increased in popularity over the last years. Moreover, a remarkable effort was 

performed in the past years in order to analyse the structural behaviour and characterize the 

mechanical properties of these constructions. However, since it is a relatively recent technique, 

there is still a lack of knowledge regarding its structural response. 

The present thesis attempts to analyse these type of structures using the finite element method, 

assessing its suitability and applicability to the superadobe. For this purpose, several models of 

both walls and arches are studied, subjected to different load dispositions and considering three 

construction types, plain, adding barbwire and stabilizing the infill. The models were defined to 

match the experimental campaign developed in the university of Bath by Pelly (2009), Vagdama 

(2010) and Croft (2011), since it is one of the most complete investigations found. 

In a first stage of the work, the wall models were analysed, which consisted on one pile of bags 

under compression and two walls subjected to in plane and out of plane loads. Initially two 

possible constitutive models were considered, Mohr Coulomb and Total strain crack based, and 

they were evaluated and compared in order to select the most suitable for all the cases studied. 

Afterwards, all the analyses were performed and calibrated to match the results obtained from 

the experimental campaigns. A sensitivity analysis was also carried out to examine the influence 

of certain parameters, which had to be adjusted during the analyses, into the structural response 

of the models.  

In the second part of the research, the arch models were tested, which had two load dispositions 

mid-span and quarter-span. For these analyses a Total strain crack based model was used, since 

it was seen in the previous part that it was more suitable for these constructions. Subsequently, 

the same procedure explained for the walls was also followed for the arches. Finally, the quarter-

span arch was analysed using graphic statics and limit analysis, and the three methods were 

compared with the experimental results to assess their applicability for the study of superadobe 

structures. 

 
 

5.2 Conclusions 

First, considering that there are not previous studies of continuous finite element models to 

analyse superadobe structures, two possible constitutive models were initially chosen: Mohr 

Coulomb, used normally in the study of soils, and total strain crack based model, used in the 

analysis of masonry buildings. 
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From this study, it was seen that both models simulate accurately the behaviour in compression 

of the earthbags, however, it was not possible to find satisfactory results for the shear models 

using Mohr Coulomb. When the compressive strength was first determined and the cohesion and 

friction angle were adjusted using the formula (3.2), the results for shear resulted ten times higher 

than the experimental ones. Nonetheless, if the cohesion and friction angle were decreased to 

match better the shear behaviour, due to the correlation that exists between the different 

properties, the compression strength also decreased, resulting in a compression failure. 

Therefore, it was concluded that for the following studies it was more suitable the use of a total 

strain crack based model, since it has demonstrated to be capable of reproducing adequately 

both the compression and the shear behaviour. 

Second, walls in compression, shear and bending were modelled and analysed using the total 

strain rotating crack based constitutive model. The models tried to adjust to the behaviour of plain 

walls, walls with barbwire, and stabilized walls. 

From these analyses, it was observed that, even if a close approach to the real behaviour was 

reached, it was not possible to simulate correctly the failure modes that occur in earthbag 

structures. This is due to the use of a macro-model with which is impossible to reproduce sliding 

or local deformations. Another conclusion drawn from these tests was that the use of geometrical 

non-linearity could approximate a little better the plastic behaviour in plain and barbwire walls in 

shear. However, for the bending tests it was seen that the results obtained from geometrical 

nonlinear analyses had a steep drop of resistance after reaching the peak, which was not adjusted 

to the real behaviour. Moreover, the bending model of the barbwire wall supposed a challenge, 

since it showed a progressive increase of the resistance capacity with the displacements, which 

was not fully acquired with the model. Nevertheless, the general results can be considered 

satisfactory, as they manage to simulate fairly accurately the real behaviour of the superadobe 

walls. 

Finally, the sensitivity study showed that the parameter that controls the maximum load and 

maximum displacement before cracking is mainly the tensile strength, which also controls the 

failure mode of the structure. The tensile fracture energy also influences the peak load, mostly in 

the model subjected to bending, however it had no effect in the failure modes. 

Lastly, a series of analysis of earthbag arches were performed and developed with three methods: 

finite element method, graphic statics, and limit analysis. The finite element models, similarly to 

the walls, considered three cases, the plain arch, with the addition of barbwire and the stabilized 

arch. 

From the comparison of the three types of analyses it was seen that the finite element method is 

the most suitable to reproduce the earthbag behaviour. Thrust line and limit analysis overestimate 

considerably the ultimate load, since some of their initial assumptions, such as no sliding failure, 

and considering only rigid blocks, are not appropriate for earthbag structures. In addition, the 

standard assumption in limit analysis of hinges located at the extreme side of the blocks 

encounters many difficulties when applied to earthbag structures.   
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Regarding the finite element models, satisfactory results were achieved in the cases of the 

quarter-span arch, but for the mid-span arch, some problems were found. It was seen that, both 

for the complete and the symmetric model, when a low tensile strength was used in order to 

capture better the response of the real arch, the middle crack at a certain point started to spread 

horizontally. This behaviour was not possible to solve and is thought to be caused by the well-

known crack localization problems in standard finite elements. 

The behaviour of the plain and barbwire quarter-span arches was very similar, and therefore the 

parameters used and the results obtained were very close. It was seen that in order to reproduce 

the behaviour of the arch until the load peak, both the geometrically linear and nonlinear analysis 

obtained accurate results if the parameters are adjusted. However, the geometrically linear 

analysis did not manage to capture the plastic behaviour of the arch, having problems of 

convergence not long after the peak was reached. In the case of the stabilized arch, the increase 

on the Young’s modulus changed the behaviour. No clear difference was seen between 

geometrically linear and nonlinear analysis, and in both cases, it was difficult to simulate the 

plastic behaviour of the arch, suffering a sharp drop of resistance after the peak load. 

Concerning the sensitivity analysis, it was seen that, for a low Young’s modulus as the one used 

for plain and barbwire arches, the influence of the tensile fracture energy in the geometrically 

linear or non-linear analysis varies significantly. It was seen that for the geometrically linear 

analysis it affects both the maximum load and the displacement increasing them considerably, 

while for the geometrically non-linear, nor the load neither the displacement are affected by this 

parameter. This behaviour changes for higher Young’s modulus, as it is seen in the stabilized 

arch. 

 

 

5.3 Suggestions for future work 

This thesis constitutes a contribution to understand and assess the possibilities of the use of 

continuous finite element models to simulate the behaviour of earthbag structures. However, due 

to the lack of information about the mechanical properties of the material and the inexistence of 

previous studies using these methods, it is strongly believed that further investigations should be 

performed considering both experimental and analytically approaches. Here under are 

commented possible investigation lines to continue the research in the future.  

� Continue the experimental research considering different loading scenarios. A part form 

the compression tests normally performed, it is considered important the analysis of the 

structures in shear, and under out of plane loads. It should be also interesting to test 

different geometries, real scale walls, straight and curved, and mainly domes, since it is 

the most used geometry. These experimental researches could give a better 

understanding of the structural behaviour of the domes and their real capacity. 
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� Characterize the mechanical properties of the structures considering their real 

construction technique. Until now there have been analysed the influence of the barbwire, 

the stabilizing and the render separately. However, in a real construction all these 

elements are normally used together, and therefore, the behaviour will show an 

improvement comparing to the one seen in the experiments. 

� Simulate earthbag structures using a meso-model or micro-model with the finite element 

method. The meso-model could include the definition of the different courses and the 

frictional interface between them, allowing sliding. The micro model could try to reproduce 

the friction between bag and soil and bag and bag, however, both methods need of more 

information about the mechanical properties of the materials used. 

� Pursue the development of an analytical method capable of predict the failure of the dome 

and evaluate the safety of the structures. Since one of the characteristics of the 

superadobe constructions is the affordability and accessibility, it should be proposed an 

intuitive and understandable procedure to secure the safety of the structures, which could 

be easily learned. 
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