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SUMMARY

Research in this thesis is aimed at comprehensively characterizing the mechanical per-
formance of adobe components. Adobe is a traditional masonry made of sundried bricks
and mortar. Bricks are made of soil mixed with fibers and joined together by mud mor-
tar. Adobe is largely spread in areas of the world prone to seismic risk or involved in mili-
tary conflicts. Its low environmental impact attracts scientific attention also for sustain-
able applications in current building industry. Unfortunately, the material and structural
properties of adobe are still hardly assessed, as a result of centuries of progressive aban-
donment of this building technology in western countries after introduction of modern
building materials in the market. In this doctoral research, a combined experimental
and numerical approach was followed. It has been aimed at fulfilling experimental data
and knowledge gaps in the study of the main properties of this material. Experimental
tests have been performed on bricks and mortar characterized by different mineralogi-
cal compositions, fiber percentages and moisture content. Mechanical tests consisted of
bending and compression tests. Tests in compression have been performed at different
rates of deformation from statics to high velocity impact. Data derived from tests have
constituted a solid dataset aimed at interpreting and modelling the mechanical perfor-
mance of adobe. Experimental trends resulted in physical theories concerning the main
features of the quasi brittle response of adobe. In particular, the role of fibers and wa-
ter content in the mixture on the mechanical response of adobe bricks and mortar has
been addressed in this study in the static and dynamic regimes of the spectrum of strain
rate induced loadings. The main mechanical parameters in compression and tension for
adobe have been statistically determined from the static and dynamic tests. Mechanical
properties and physical theories have been framed in several models that interpret the
response of adobe for different applications. Constitutive models have been derived to
address the uniaxial response in compression at different strain rates of adobes of dif-
ferent mineralogical composition and water contents. A finite element damage model
has been developed to simulate the main failure modes specifically observed in earthen
bricks at different loading conditions and rates, including high velocity impacts. The
numerical study has been devoted at ensuring objectivity of analysis to the results of
simulations performed using different mesh refinements of the geometrical model of
the tested brick. Furthermore, engineering ballistic models that address the response of
adobe walls to small caliber penetrations have been developed in this doctoral research.
This thesis contains the description of the performed experiments, the analysis of data,
the theoretical interpretations and the models developed for the material characteriza-
tion of adobe masonry.
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SAMENVATTING

Dit proefschrift betreft een onderzoek dat gericht is op het karakteriseren van de mecha-
nische prestaties van adobe-componenten. Adobe is een traditioneel metselwerk gemaakt
van zongedroogde stenen en mortel. De stenen zijn gemaakt van grond, vermengd met
vezels. Adobe wordt wereldwijd, op grote schaal toegepast in gebieden die vatbaar zijn
voor seismische risico’s en daar waar langdurige militaire conflicten zijn. Toepassing van
adobe als bouwmateriaal trekt tegenwoordig wetenschappelijke aandacht, vanwege de
mogelijkheden voor duurzame toepassingen in de westerse bouwsector. Helaas wor-
den de materiéle en structurele eigenschappen van adobe nog nauwelijks benut omdat
deze bouwtechnologie in de westerse landen volledig in onbruik is geraakt na de intro-
ductie van moderne bouwmaterialen. In dit onderzoek is een gecombineerde experi-
mentele en numerieke benadering gevolgd. Het is gericht op het verkrijgen van experi-
mentele gegevens en het opvullen van kennislacunes voor de belangrijkste mechanische
eigenschappen van dit materiaal. Experimenten zijn uitgevoerd op stenen en mortels
van adobe materiaal met verschillende mineralogische samenstellingen, vezelpercent-
ages en vochtgehalte. De mechanische beproevingen bestonden uit buig- en compressi-
etesten. De drukproeven zijn uitgevoerd met verschillende vervormingssnelheden zoals
die op kunnen treden bij belastingen variérend van statisch tot hoge snelheidsimpact.
De verkregen gegevens van alle testen vormen een solide dataset voor het interpreteren
en modelleren van de mechanische prestaties van adobe. Experimentele trends resul-
teerden in fysische theorieén voor het beschrijven van de belangrijkste kenmerken van
het quasi-brosse vervormingsgedrag van adobe. In het bijzonder is de rol van vezels
en het vochtgehalte in het mengsel op de mechanische respons van adobe-stenen en
mortel onderzocht in de statische en dynamische regimes. De belangrijkste mechanis-
che parameters voor de respons van adobe onder druk en trekbelasting zijn statistisch
bepaald uit de statische en dynamische testen. Mechanische eigenschappen en fysis-
che theorieén zijn vertaald in de diverse modellen die de respons van adobe voor ver-
schillende condities beschrijven. Constitutieve modellen zijn afgeleid om de uniaxiale
respons in compressie te beschrijven voor verschillende reksnelheden van adobe mate-
riaal met verschillende mineralogische samenstelling en watergehaltes. Een “finite el-
ement damage model” is ontwikkeld om de belangrijkste bezwijkvormen te simuleren
die optreden en waargenomen zijn in adobe stenen onder de verschillende belasting-
condities en snelheden. Speciale aandacht is gegeven aan het modelleren van de hoge
snelheidseffecten. De numerieke studie was gericht op het waarborgen van de objec-
tiviteit van de analyse en de numerieke resultaten. De objectiviteit is aangetoond door
middel van verschillende verfijningen van het geometrische model van het geteste mate-
riaal. Aanvullend zijn semi-empirische ballistische modellen ontwikkeld die de respons
van adobemuren op klein kaliber inslag adequaat beschrijven. Dit proefschrift bevat de
beschrijving van de uitgevoerde experimenten, de analyse van gegevens, de theoretische
interpretaties en de modellen ontwikkeld voor de materiaalkarakterisering van adobe.
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INTRODUCTION

“... But bespectacled man

on the contrary invents devices outside of his body
and if health and nobility existed in the inventor,
they are almost always lacking in the user...”

from Zeno’s Conscience, by Ettore Schmitz, 1923



2 1. INTRODUCTION

1.1. SOCIETAL BACKGROUND

Society has been recently exposed to an increased number of threats and hazards which
more and more result from mankind activities on Earth. Not only natural hazards, such
as tsunami and floods, but also terrorism and armed conflicts threaten built heritage of
the contemporary city (Figure 1.1a). Safety and protection of buildings and infrastruc-
tures have raised among the top priorities of governments around the world, including
in Europe. Recent increase of asymmetric conflicts in urban environments urges the
development of new counter strategies for the material and structural design of build-
ings for civilian use [1]. In fact, the terrorist attack targeting a single building inserted
in a highly urbanised environment, also forms a direct risk for the life and property of
people outside the building, starting from the street paths the terrorist walks on to pre-
pare and perform the attack. This “space of influence”' is limitedly determined by the
type of weapon used to conduct the attack. It is rather a property of the building that
results from its social function in the city and from the spatial relationships established
with the other buildings and streets of the urban fabric (Figure 1.2a) [2]. In this con-
texts, strategies of target strengthening (e.g. applying “standoff” distances) applied for
strategic buildings or in warfare can not be simply transferred to highly urbanized areas
[3]. They are neither economically nor socially acceptable with respect to principles of
freedom and democracy that contemporary urban planning in Europe should be spatial
reflection of (Figure 1.2b-c). Thus, built infrastructure nowadays must become resilient
by a design process in which a wider range of loading conditions and loading rates is
covered, from statics to impact and explosions (Figure 1.1b)[4]. As a result, after decades
of relative silence, the study of the dynamic behaviour of materials to impulsive loadings
has lately gained renewed importance.

The study of the dynamic properties of modern building materials used for civilian con-
structions such as steel and concrete has been consolidated over the last fifty years. For
example, research on concrete has been recently focused on the improvement of its be-
haviour under impact. Among the most recent proposals, cement matrices have been
reinforced using fibers to increase properties regarding strength and toughness. Mixing
cement matrices with fibers is not a new practice but this actually started with the use
of adobe. Adobe is a masonry made of sundried earthen bricks and mud mortar. Raw
soil in the field can be randomly mixed using fibers locally available in the field since
ancient Egypt and even earlier, making adobe one of the very first building materials
in history. As a result of a long tradition, many earthen buildings of architectural value
have piled up over millennia. Due to spread availability and cheapness of raw materials,
still nowadays more than one third of the world population lives in earthen dwellings,
most of which are unfortunately built within an informal settlement in many contexts of
scarcity of the world [5] (Figure 1.3a-b). This represents a further element of threat for
adobe because, much earlier than modern structures, adobe buildings have been largely
exposed to earthquakes or historically involved into wars, terrorisms and military op-
erations, also in areas where European armies are still currently involved (Figure 1.3c).
Unfortunately, despite an atavistic exposition to the dynamic threat, a rigorous assess-

1This definition was presented at the Italian Parliament describing several attacks recently happened in Eu-
rope, including the case of the attack to Parliament in London on 2214 March 2017, which produced casual-
ties in the route (bridge) taken by the terrorist car to reach the final point of impact.
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Figure 1.1: a: Earthquake in Messina, Italy (1908, left) and attacks to twin towers, New York, US, (2001, right)
[Source:Google] and b: magnitude of strain rates for different loadings [Source: author, (2018)].

ment of the material and structural performance of adobe is still lacking. This not only
holds for high strain rate loadings, but also for statics and for the general treatment of
the basic mechanical properties. This situation is the result of centuries of progressive
abandoning of this building technology in western countries after industrial revolutions.
Considered as a soft and hardly durable material to withstand the requirements of an
ambitious society, the use of adobe in Europe has been progressively discouraged after
19" century and surpassed by modern building materials of secure reliance with well
defined and controlled quality such as concrete and steel or common bricks.

However, only in very recent times and due to a specific global conjuncture inherent
to construction industry, a renewed demand for old building materials and vernacular
building technologies also for new applications has increased. The goal number 11 of
the UN urban agenda released in 2016 is concerned with making cities inclusive, safe,
resilient and also sustainable. The introduction of the concept of sustainability in the
building construction industry is urgent in light of its current impact on the increasing
threats linked to natural material scarcity and global pollution [6]. Construction indus-
try is responsible for 30% - 50% of the anthropogenic emissions of CO,. A relevant por-
tion in a range of 10-25% of this contribution regards only the manufacturing stage of
materials, which is mostly dominated by cement and concrete productions. Produc-
tion processes consume more than 50% of all raw materials, 40% of total energy use and
30% of water use. Among modern building materials, only concrete accounts for more
than 1% of the total energy use and cement is responsible for more than 80% of diossine
emissions inherent to concrete production. Also the use of steel, which does not cause
a relevant impact in CO, emissions compared with modern geomaterials, is responsi-
ble for the production of fine dust waste when used as reinforcement material. Thus,
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Figure 1.2: a: Schematic in [1] for the “space of influence” for Churches of different shapes and differently in-
serted in urban squares and connected by primary streets (from where people are already in danger in case of
terrorist attacks in churches) and secondary streets (with lower threat intensity level) [Source: author, (2017)]. b.

A fortrness in the past (Castle of Muiderslot in Amsterdam) c. and (perhaps) in the future (recent design for the
new American embassy in London) [Source: google]
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Figure 1.3: Earthen structures in the world (a) with focus on cultural heritage sites according to UNESCO (b) and
areas of the world with medium and high seismic hazard or armed conflicts (c)
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TRCULAR ECONOMY IN BUILDING INDUSTR!

Figure 1.4: Circular economy vs linear economy in building industry: the case of Adobe, [Source: graphic by
Author, photos from google on "ladiri" (adobe bricks) in Sardinia, Italy]

sustainable alternatives to current building practices have become a priority in building
industry and studies aimed at reducing the environmental impact of building materi-
als while respecting performance requirements, have been recently started around the
world.

Most of the scientific attention is nowadays devoted to reducing environmental impact
by adequate material selection and production phases of construction. For example, bi-
ological fibers have been recently tested as sustainable alternatives to steel in reinforced
concrete. Natural binders have been partially replacing Portland cement. Especially in
the sector of masonry constructions, alternatives to baking processes such as air dry-
ing procedures have been studied, which can reduce up to 80% of the greenhouse gas
emissions for modern baked clay bricks. These efforts are meant to convert the cur-
rent building industry according to the principles of the circular economy (Figure 1.4).
However, most of the aforementioned practices, despite being applied to new materials,
are far from being new. They take their roots in the human history and its resourceful-
ness of ensuring shelters that maximize the use of available resources [5]. In particular,
they belong to the tradition of Adobe. For instance, the possibility to avoid baking pro-
cesses comes directly from the tradition of raw earthen bricks. In adobe masonry, soil
mixtures are cast in moulds. Depending on the local traditions, bricks undergo a pre-
liminary curing period which is followed by a few weeks of hardening in the sun. For
these reasons, fibers were originally inserted in the soil mixtures in order to limit shrink-
age cracks during drying. Fiber inclusion as well as the air drying processes contribute
to the eco-sustainability of adobe as a building material. Adobe is an interesting “circu-
lar” building material. It produces almost zero dioxin emissions and it is fully disposable
and fully recyclable. Unfortunately, the effects of fiber inclusion and air drying as well
as other sustainable practices tied to the tradition of adobe on the mechanical perfor-
mance have not been addressed yet. Their assessment not only can contribute to the
protection of the built heritage of the past but also foster safe applications of sustainable
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building traditions in the future.

In the framework of uncertainty that still characterizes knowledge on adobe around the
world, different interests converge toward the assessment of the behaviour of this tradi-
tional building technology. Starting from the analysis of the physical mechanical prop-
erties of its constitutive elements, namely the bricks and mortar of adobe. This is the
focus of this doctoral dissertation.

1.2. THE DOCTORAL PROJECT ON ADOBE

1.2.1. RESEARCH MISSION

This project has been aimed at characterizing the physical-mechanical performance of
adobe bricks and mortar. This implies the definition of a material class for adobe and the
assessment of its constitutive relationships for a wide range of loading rates and condi-
tions. The main mechanical properties in strength and deformation are meant to be
quantified in the static and dynamic regimes, including under impact conditions. Strain
rate dependency quantified in dynamic increase factors (DIF) for all the main proper-
ties are supposed to be addressed for adobe. The role of the mineralogical composition,
fibers inclusion and water content in the mixture is supposed to be qualitatively inter-
preted and quantitatively assessed with respect to the main physical mechanical proper-
ties of the resulting bricks and mortar. Material characterization must also result in the
development of numerical models capable of consistently simulating the mechanical
performance of traditional masonry bricks and mortar for different loading conditions
in statics and dynamics, including against projectile penetrations.

1.2.2. RESEARCH METHOD

In late 2015, only limited experimental data on bricks of adobe were available in litera-
ture. No tests on adobe mortar were performed yet. No numerical models for the ma-
terial simulation of adobe were developed nor in statics neither in the dynamic regime.
Overall, the goals of this research are inserted in this framework of uncertainty.

In light of this state of the art, a combined experimental-numerical approach was adopted.
The experimental phase followed a literature review of the current scientific production
on adobe, constantly updated during the research. The characterization started with the
production of new experimental data. Campaigns of physical-mechanical characteri-
zation were designed, planned and executed (Figure 1.5). Three campaigns performed
over the last four years are mentioned:

The “Adobe-Stat” campaign has been aimed at characterizing the static performance
in compression and tension of bricks and mortar of different mineralogical composi-
tion. It was conducted at the Military Engineering Laboratory in Breda from July to Octo-
ber 2016. Earthen samples of bricks and mortar of different mineralogical composition,
straw percentages and water content were tested in uniaxial compression and in flexure.
The “Soil-Adobe” campaign has been aimed at determining particle size distributions
and organic content ratios of the soil mixtures used to produce bricks and mortar in
the “Adobe-Stat” campaign. It was conducted at the laboratory of geomechanics of the
Civil Engineering faculty of the Delft University of Technology from November 2016 to
January 2017. The different soil mixtures tested were subjected to sieving and sedimen-
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(@
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Figure 1.5: The tools of the engineer: saw(a), sander (b), clamper (c) and driller (d) used for tests preparation
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tation tests via hydrometer.

The “Dif-Adobe”’ campaign has been aimed at characterizing the material performance
of adobe in uniaxial compression at progressively increasing deformation rates. The role
of fiber and water in the mixture on the dynamic performance of the material has been
addressed. The campaign was conducted at the Joint Research Centre (JRC) of the Euro-
pean Commission in Ispra, Italy, from May 2018 to August 2018. The preparation phase
was jointly executed at the Military Laboratories of the Netherlands in Breda and JRC in
Italy from March 2018 to June 2018. The campaign resulted from the winning of the an-
nouncement “2017-1-RD-ELSA-HopLab” called by European Commission, on behalf of
a consortium composed by Delft University of Technology, Dutch Academy of Defence,
TNO and Dutch Ministry of Defence created in 2017. Samples of adobe bricks with differ-
ent percentages of fibers and water content were subjected to high velocity deformation
tests in compression from é=3 107 s~! to 120 s~!. High strain rates tests were conducted
using the modified Split Hopkinson Bar facility at the HopLab of European Commission.
Each experimental campaign resulted in quantitative data as well as photos and videos.
Large amount of data have been collected, produced and analysed. For their relevance
and amount, they were sometimes organized into databases. Two database are worth
to be mentioned because they are meant to be permanently maintained tools for data
analysis.

In the “Adobe Masonry Dataset” results of 142 tests cases of uniaxial compression tests
on adobe bricks available in literature are collected and organized. It has been aimed
for the statistical analysis of the main mechanical parameters of adobe in compression,
including their dependencies on geometrical and physical factors. Data have been or-
ganized similarly to the structure of the database developed at the European Centre for
Research in Earthquake Engineering (EUCENTRE) in 2015 extensively described in [2] of
the list of publications.

In the “Adobe Masonry Ballistic Database” the results of a ballistic campaign conducted
in the field of 't Harde in the Netherlands by TNO between 2012 and 2013 are collected,
organized and elaborated. The dataset was used to statistically analyse the main bal-
listic parameters of walls made of different types of bricks tested in the “Adobe-Stat”
campaign and shot by different types of small caliber bullets at different humidity and
temperature conditions.

Physical interpretation of the main trends experimentally observed resulted into the
development of numerical models for the simulation of the material performance of
adobe. For instance, a predictive law for the compressive strength of bricks and mor-
tar of given fiber and water contents has been formulated in statics. Constitutive models
in uniaxial compression have been developed for different strain rates also in the dy-
namic regimes. The development of a finite element model for the simulation of the
main failure patterns observed on bricks and mortar of adobe at various loading con-
ditions and rates was aimed in the doctorate. Numerical analyses started in early 2016
and the model was developed consistently with the analysis and findings experimen-
tally observed along time. Numerical research has been performed at the “Computa-
tional Mechanics" group of the Applied Mechanics section of the 3MD Department at
the Civil Engineering Faculty of the Technical University of Delft. The fem code was de-
veloped in C++ using the Jem Jive libraries. Simulations have been performed in the
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Figure 1.6: hpc27.tudelft cluster at Delft University, [Source: photo courtesy of P Keekstra]

cluster of TU Delft hpc27.tudelft (Figure 1.6). As a result of the numerical implemen-
tation “The Adobe Delta Damage Model” has been developed to objectively simulate the
static and dynamic performance of quasi brittle materials used in masonry. It is a consti-
tutive framework that adopts a continuum damage mechanics. It adapts a local damage
model originally developed for concrete in order to address the main failure modes ex-
perimentally observed in all campaigns on adobe previously referred in the statics and
dynamic regimes. Numerical objectivity with respect to the spatial discretizations of the
physical domain is provided by generalizing the class of bounded damage algorithms of
regularization originally developed for composite materials. The original delta formula-
tion was enriched by material and loading rate dependencies that enhance consistency
with the physics of adobe also in dynamics. Implicit solvers have been used to integrate
the equations of equilibrium.

Finally, it is worth to mention that also a ballistic phenomenological model has been de-
veloped as a result of the physical interpretation of the resisting mechanisms inherent
to small calibers penetration in adobe walls. It is meant to provide quick and reason-
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able estimates of fundamental ballistic parameters needed during military operations
in the field involving targets of adobe masonry. “The Adobe Ballistic Model” is a phe-
nomenological engineering model aimed at determining the main ballistic parameters
against small-caliber impactors into Adobe walls. The model takes its roots from a semi-
empirical model developed for concrete targets and was adapted to include principles
of soil mechanics against deep penetration tests. Given a conical radius head, diameter
and density of the impactor and density and friction angle of the targeted brick, it deter-
mines the maximum penetration depth of the projectile inside or its residual velocity at
the exit boundary of the target of given density.

1.2.3. RESEARCH OUTLINE

The body of the dissertation consists of seven chapters. In the following, the main topics
treated in each chapter are highlighted.

Chapter 2 presents the results of the “Adobe-Stat” campaign. A set of technical guide-
lines is proposed to experimentally characterize bricks and mortar of adobe. A law de-
pendent on the water content in the mixture is defined for the assessment of the com-
pressive strength of sundried masonry components, in which also the influence of soil
mineralogical elements and fiber volumes are statistically quantified and physically in-
terpreted.

Chapter 3 presents the “Adobe Delta Damage Model”. Mesh objectivity of the model
is demonstrated in statics and the model is applied to simulate the failure of one type of
brick and mortar tested in the “Adobe-Stat” campaign.

Chapter 4 presents the results of the “DIF Adobe” campaign. Failure modes and
curves of response are interpreted and parameters quantified for each strain rate in stat-
ics and dynamic regimes. A constitutive model proposed for the static assessment of
adobe is updated with strain rate dependent functions that address the curves of re-
sponse of Adobe in dynamics. A physical theory of the role of fiber inclusion and water
content in the soil mixtures of adobe is developed and explained.

Chapter 5 presents an enriched version of the model developed in Chapter 3. Mesh
objectivity of the model is demonstrated in dynamics. Parameters mathematically needed
to regularize the model are made dependent on rate and material properties which en-
hance consistency with fracture theory and the physics depicted by dynamic tests on
adobe and interpreted in the paper.

Chapter 6 presents the “Adobe ballistic model” developed for adobe masonry ac-
cording to the hypothesized main physical resisting mechanisms inherent to penetra-
tion. The model is validated and calibrated using data of the “Adobe Masonry Ballistic
Database’.

Chapter 7 faces the future perspectives and tackles the open areas of research toward
the material characterization of adobe according to a critical analysis of the current stan-
dards and building codes for adobe in the world.

Resuming conclusions are provided in the last chapter of the dissertation.
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THE EXPERIMENTAL
CHARACTERIZATION OF ADOBE IN
STATICS

"You know that the beginning

is the most important part of any work,
especially in the case

of a young and tender thing (...)"

Plato, The Republica

Adobe is an ancient building technology, made of sun dried bricks joint together by mud
mortar. This paper deals with the physical and mechanical characterization of three dif-
ferent typologies of Adobe bricks and one typology of mud mortar produced in Europe,
which were used to build Adobe walls within a recent ballistic test campaign. They differed
in terms of internal soil element proportions and amount of organic content. Physical tests
consisted of granulometry, moisture content and density tests. The mechanical characteri-
zation consisted of uniaxial compressive tests and three point bending tests. Tests were per-
formed according to modern material standards. The main mechanical properties both
in tension and compression were determined at different curing conditions. The outcome
provided in this study offers a general overview on the assessment of the mechanical per-
formance of Adobe, in relation to the properties and interactions of its soil constituents.
In fact, the comparison between components with the same soil mineralogical family and
production process made it possible to assess both at a qualitative and quantitative level
the effect of the physical properties of the mixture (such as fibers and clay percentages or
moisture content), on the mechanical parameters of the resulting bricks and mortar. This

This chapter is based on “The Mechanical Performance of Traditional Adobe Masonry Components: An
experimental-analytical characterization of soil bricks and mud mortar” in Journal of Green Building, 2018
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paper proposes new predictive formulations of the most relevant material parameters in
strength and deformation, such as compressive strength, deformation at peak stress and
ultimate displacement for both Adobe bricks and mortar. They quantify the influence that
water content, clay percentage and fiber reinforcement produce on the mechanical perfor-
mance of the tested Adobe components. This was made possible by means of multivariate
statistical analyses on the mechanical parameters derived from all the tested samples.

2.1. INTRODUCTION

Traditional Adobe, literally “sun-dried brick” according to the Arabic Al Tob [1], defines
one of the most ancient forms of masonry on earth, constituted by unpressed sun dried
bricks joint together by mud mortar. Despite a millenary history [2] characterized by
buildings of architectural value [3], its spread in European countries in modern age is
limited as a consequence of the introduction of modern building materials during in-
dustrial revolutions [4]. As a result, the assessment of the physical-mechanical prop-
erties of this traditional masonry was not a priority of the scientific community until
modern age. Only recently Adobe has started gaining significant attention [4, 5]. Two
main world socio-economic trends are at the basis of the renewed interest towards this
masonry typology. On one hand, governments of developing and third world countries
in the recent past have hardly met their housing targets, leading people to build houses
by themselves within an informal settlement [6]. As a result, more than one third of the
world population still lives in earthen dwellings which are often spread in areas of the
world characterized by seismic risk or involved into military operations, with dramatic
loss of human lives and cultural heritage [7]. In fact, Adobe dwellings erected by local
farmers in the field, without proper knowledge of structural systems and awareness of
the suitability of the applied soil for building purposes, result into an intrinic vulnera-
bility to dynamic loadings [8-10]. On the other hand, developed countries, within the
goal of energy efficiency and pollution reduction, are promoting Adobe because of its
favourable acoustic and thermal properties and the related minimum environmental
impact [11, 12].

Despite that knowledge on Adobe is still scarce at both a material and structural level[13].
The number of characterization campaigns on Adobe bricks is still limited and in the
case of mortar even rare[14]. The current stage of production on its material proper-
ties and their influencing factors is discussed in the following chapter. From its analysis,
it is inferred that different or also opposite trends can be found in literature in terms
of the influence of the adopted soil mixture on the resulting mechanical performance.
This happens because mechanical values are compared using bricks made with various
soil mineralogy, different reinforcement materials and methods of construction. Brick
composition varies significantly according to building traditions and the local availabil-
ity of materials, which affects the resulting performance of the material [15]. As a result,
there is often no homogeneity in the prescriptions and formulations contained in the few
building codes currently available for Adobe. European standards for production, testing
and design of Adobe even do not exist yet. In this study, the comparison of the effects of
soil mixture on the static performance of both bricks and mortar have been investigated
at both a qualitative and quantitative level. The paper presents the results of a physical-
mechanical characterization campaign performed in 2016 by the authors on three dif-
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ferent types of bricks and mortar made of the same mineralogical family and the same
building process. The bricks were subjected to two different drying conditions (namely
air drying and fire burnt) consistent with the traditions of different geographic regions
of interest[16]. No study on the influence of moisture content on the performance of
Adobe components was found in literature so far. Therefore, the analysis and data elab-
oration resulted from an extended dataset. The statistical analysis revealed relationships
between the mechanical performance of the components and their mineralogical com-
position with drying process. A novel assessment of the compressive strength parameter
of Adobe was carried out, which could be defined adapting a law originally developed
for predicting the strength of unbaked modern clay bricks according to its internal mois-
ture content. It consists of an exponential function of moisture content multiplied with a
fully dried compressive strength value, which is dependent on the percentage of clay and
fiber reinforcement. The reinforcement was confirmed to largely determine the defor-
mation capacity of Adobe. The found relations in strenght and deformation, calibrated
according to data on tested bricks, could fit significantly well also the performance of
mortar. This findings link the material class of mortar and bricks in case of Adobe ma-
sonry. Overall, this study aims at sharing an experimental dataset already used in other
research on the dynamic properties of Adobe masonry [17, 18]. But in general, it provides
a clear indication of the mechanical material performance assessment of adobe accord-
ing to its physical properties. That was made possible by conducting tests according to
standards developed for modern materials and adapting them to adobe. After the intro-
ductory section, this paper presents the characterization campaigns, detailing both the
standards and setup adopted and the related results. Next, the mechanical performance
is investigated in the fourth Section according to the physical characterization.

2.2. LITERATURE REVIEW ON THE ADOBE BRICKS AND MORTAR
PERFORMANCE

Sun-dried Adobe bricks contain mixtures of clay, silt, sand water and possibly straw [19].
Mortar is usually made of the same or similar mixture as the bricks, although it is often
free of straw [20]. Only one recent work was found in which a characterization campaign
on the response of Adobe mortar was performed [14].

According to published works, typical ranges of element proportions in soils suitable for
brick production are: 12-25% clay, 55-75% sand, 10-30% silt ([2] - [13]).

Clay and silt, cohesive elements in nature, form a matrix in which the sand particles are
enclosed, acting as a binder for the cohesionless granular fraction of the soil [2]. Thus,
clay is supposed to provide strength to the dried material, although it is also the main
cause for shrinkage cracks which occur during the drying process of the bricks due to
its affinity towards water [2, 32]. Therefore, it is often recommended to set an upper
bound to its volume in the mixture, usually around 20% [22, 33]. Actually, spectroscopy
investigations have revealed that not only its relative content in the mixture, but also
the clay mineralogical family plays a significant role regarding the performance of the
product [34]. A correct balance between expandable clay minerals (i.e. smectite), that
provide strength but are responsible for undesirable cracks, and non-expandable clay
minerals (i.e. kaolinite), responsible for less shrinkage problems and cohesion, is often
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required [2, 19, 25].

Adobe bricks can contain only soil elements, or also include fibers [19]. Actually, the
addition of straw into the soil mixture is common practice according to many build-
ing traditions [35, 36]. This insertion can significantly influence the resulting properties
of Adobe components. First of all, fibre is often associated to a reduction of shrinkage
rates in the drying material, limiting the formation of cracks as a consequence of a more
efficient drainage system [22, 37]. Straw also lightens the weight of the resulting brick
and it boosts the thermal properties of the material [38]. On the other hand, an ex-
cessive amount of fiber can result in a too fast drying process and thus in an intrinsic
brittleness of the product [24]. Also with reference to the fiber content percentage, up-
per bounds are suggested in literature [5, 36, 39]. In fact, besides the influence of fibres
on the drying process, its contribution to strength and deformation performance of the
dried brick is more controversial. This happens because a common approach in liter-
ature is to quantitatively compare results obtained from different types of bricks from
different regions, resulting in a lack of definite assessment (Figure 2.1). In general, a
fibre-free earthen brick under compression is generally characterized by quasi-brittle
failure similar to unconfined concrete, while a straw reinforced brick shows more often
the development of an increased number of microcracks accompanied by more ductile
behaviour [13, 22, 24]. From the physical point of view, this can be due to the redistri-
bution of forces within the soil matrix due to the fibres that can held together parts of
the soil matrix at large deformations [13]. On the other hand, the presence of straw is of-
ten associated to a decrease in strength and elasticity with respect to unreinforced bricks
[24]. The observed trend may be a consequence of adherence problems between the fi-
bres and the soil matrix, that is likely to be influenced also by the type and geometry of
the adopted fibre reinforcement [40]-[43]. Actually, these weakening effects on bricks are
not always noticeable and they seem to be even inverted in case of highly sandy mixtures
[22]. Similar controversies exist regarding fibre reinforcement and the performance un-
der tensile loading of reinforced Adobe [20, 24]. Recent elaborations on a heterogeneous
dataset relate strength with dry density of bricks [20]. It is known that the amount of
water required for mixing the soil elements depends on their relative percentage and in-
herent mutual interactions, especially in case of a fibre reinforced mixture [2]. Usually, as
the fibres or the clay content increases, the water fraction needs to be increased as well
[24]. On the other hand, an excessive increase of water with respect to the strictly neces-
sary amount in order to obtain an acceptable workability of the mixture can compromise
the unit weight and the strength of the specimen [24, 35]. In fact, a high moisture content
is a prominent risk for the strength and the durability of Adobe structures during their
entire life cycle [19]. The preservation of the mechanical performance of Adobe seems
to be mainly governed by the capability of keeping the structures dry [2]. This can be
assured in the field by adding external plaster layers to the brickworks [19].

Finally, it is worth stressing that the absence of production chains and quality control
which is common practice for Adobe buildings erected by local farmers in the field,
make the mechanical properties of the resulting products extremely difficult to be as-
sessed, independently from the contribution of the applied mixture. Despite the method
of production and erection are unavoidable discriminant features within the material
mechanical performance assessment [15, 37], their influence will not be taken into con-
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sideration within the present work.

2.3. THE CHARACTERIZATION CAMPAIGN

A characterization campaign was performed on the components already used to assem-
ble Adobe walls in a previous research [44]. To this end, three pallets of bricks with dif-
ferent mixture proportions but from the same mineralogical family were ordered from
the same supplier, together with two bags of mortar (Figure 2.2).

The characterization campaign consisted of physical and mechanical tests. Static tests
were performed at the military engineering laboratory of the Netherlands (NLDA) in
Breda, while the physical characterization was performed at the laboratory of geoscience
and engineering of Delft University, in the Netherlands.

The physical characterization consisted of density, moisture content and granulomet-
ric tests, while mechanical tests consisted of uniaxial compressive tests and three point
bending tests. All tests were conducted adopting European standards developed for
modern building materials adapted to the nature of the material if necessary. In fact,
a European normative framework is still lacking for Adobe. A preliminary study of the
few existing technical codes for Adobe in the world was conducted [45] - [48] and set
up emplaced in previous research were acknowledged [4]. As a result, the application
of each adopted standard possibly resulted in modifications in the setup. The adopted
standards and the complete list of precautions are resumed in Table 2.1 in order to pro-
vide a characterization reference on Adobe.

In particular, all the samples were rectified preliminary to mechanical tests due to the
significant geometrical irregularities of many bricks (Figure 2.2b). Mortar was hardened
for twenty one days and all tests were performed after 28 days of air curing at controlled
laboratory condition. Tests in compression were performed on both air dried and oven
dried samples in order to address also the behaviour of burnt Adobe bricks [16].

In the following paragraphs, bricks are identified as: Type A, Type B, Type C according
to the different soil mixture and mortar is denoted with Type M. The initial geometrical
properties are determined according to UNI EN 772-16 [49] and given in Table 2.2. Each
tested sample in the following paragraphs is indicated by a set of letters representing
the type of bricks and the type of test (C for compressive and T for tensile), followed
by numbers representing the specific sample extracted. For compressive tests, a further
number distinguishes between air dried (1) or oven dried (2) samples.

In the following sections, the physical and mechanical characterization of Adobe are de-
scribed.




18 2. THE EXPERIMENTAL CHARACTERIZATION OF ADOBE IN STATICS

Frequency
[%]
3

i HERSS R RERERR NN

-7

A —
005 0.5-1.0 10-1.5 1520 2025 2530 3.035 3540

f[MPa]

(a)

90

80

70

60

50

Frequency
[%]

: : : -
0102 0203 0304 0405 0506 0.6-0.7 0708 1.0-1.1

f[MPa]

(b)

Frequency
[%]
3

N
S

3
|

=)
=3
N

-
o

1 T T T
i i S S
<50 50-100 100-150 150-200 200-250 250-300 >300

E[MPa]

;

(c)

Figure 2.1: Relative and cumulative frequency for compressive strength (a), tensile strength (b) and elastic mod-
ulus (c) of Adobe bricks according to statistical analysis using data from available experimental tests [17-27]
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Figure 2.2: Bricks from “Type B” pallet (a) with one significantly damaged sample (b) and mortar cast in labora-
tory (c)

Table 2.1: List of test, test standards and initial test setup per type (,4= air dried;, ;= oven dried )

Test no.Tests Standard Precautions

Granulometry 3 BS 1377-2 Preliminary sieving
H>0, treatment

Moisture content 6 NT Build 333 Temperature at 85°C
Density 6 NT Build 333 Temperature at 85°C

Uniaxial compression  >7 (od) UNIEN 772-1 Rectification
>7 (ad) Def.rate 2 mm/min

Three point bending 4 (ad) UNI EN 12390-5 Rectification
Def.rate 1 mm/min

Wooden strip

Table 2.2: Mean values and standard deviations (in brackets) of the initial samples’ geometry

Length(L) Width(W)  Height(H)
Type mm mm mm

A 2457(0.26) 11.60(0.21)  6.69 (0.06)
B 25.44(0.17) 12.03(0.18) 6.82(0.20)
C 23.10(0.20) 11.80(0.21) 10.91(0.30)
M 22.30(0.00) 9.21 (0.00) 5.20 (0.10)
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Figure 2.3: Soil sample (a) and fibres after sieving (b)

2.3.1. PHYSICAL CHARACTERIZATION

GRANULOMETRIC TEST

Standard, Set up and Testing Procedures Three samples per type, extracted from ran-
domly chosen bricks were pulverized and subjected to granulometric tests (Figure 2.3).
Tests were performed according to standard BS 1377-2 [50]. However, the direct inser-
tion of hydrogen peroxide in the solution before the hydrometer tests, as the procedure
prescribes for a soil with organic content, was not a plausible option for Adobe. In fact, it
appeared that a significant amount of fibres in the Adobe bricks causes unstable chemi-
cal exotermal reactions characterized by solution leakage. Thus, it was decided to apply
a preliminary mechanical separation of the largest part of the organic content by means
of 2mm sieving (Figure 2.3b). The subsequent chemical treatment was repeated three
times in two days until no further reaction was noticed. The total loss in weight was
registered.

Observations and Results For each test, the percentages of sand, silt and clay of the
soil mixture were derived from the MIT classification system [51]. Also the relative amount
of fibre by weight was calculated. The tests revealed the presence of a large variety of re-
inforcement materials in the same mixture, from straw to chopped wood. Therefore in
the following the term fibre refers to whatever organic content present in the mixture.
The results are reported in Table 2.3 expressed as ranges of values for each type [13].
Furthermore, a graphical comparison of typical granulometric curves for each type of
sample is reported (Figure 2.4).

Brick mixtures are characterized by high fibre content. In particular, Type B and Type
C display similar reinforcement percentages but they significantly differ in soil compo-
sition. The soil of Type A and B is defined as a clayey sandy silt according to the MIT
system, while Type C is a clay and silt with some sand. The amount of clay is similar for
Type A and B but it is less than half its percentage presence in Type C. All brick mixtures
show similar values in terms of silt percentage which is generally the dominant com-
ponent of the mixture. Mortar samples contain a low percentage of fibre reinforcement
with respect to bricks, and a mixture composition which is characterized by a high level
of silt and a modest percentage of clay (sandy silt with some clay).
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Table 2.3: Percentages of soil elements and fibre content by weight

Clay Silt Sand Fibre
Type % % % %b.w.

A 24-25 47-48 27-28 17-18
B 18-19 43-46 30-33 32-37
C 46-50 40-43 7-10 32-33
M 11-12 66-68 21-22 3-5
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Figure 2.4: Examples of comparison in granulometric distributions for different types of Adobe mixtures
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DRY DENSITY AND MOISTURE CONTENT TESTS

Standard, Set up and Testing Procedures Moisture content at laboratory conditions
and density were determined according to NT Build 333 [52]. Six samples of each type
were analysed.

It is worth mentioning that because of the unbaked nature of the bricks and mortar, the
temperature of the oven was set at 85 degrees Celsius instead of the prescribed value of
105 degrees Celsius.

Observations and Results The density and moisture content results obtained from the
tests are summarized in Table 2.4 in terms of mean values and related standard devia-
tions.

Type B and C bricks have similar values of dry density, although the latter are charac-
terized by higher uncertainty. Type A has higher values while mortar samples are more
dense than the tested types of bricks.

At 28 days of air drying, Type M is also characterized by the lowest moisture content
values, while for Type C the mean moisture content is almost twice the values associated
to all other bricks. At the same conditions, the highest moisture content per dry mass
is associated to the mixture with the highest clay content percentage (Type C). This was
already observed in previous research on clay samples [53]. Type A and B bricks and
the mortar may be classified as “dried” according to NZS standard [54], that assumes a
range of 3-5% in terms of moisture content level for sun dried samples after 28 days of
air curing.
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Table 2.4: Mean values and corresponding standard deviations (in brackets) of dry density and moisture con-
tent at laboratory conditions for each type

Density Moisture Content
Type kg/m?3 %
A 12339 (24.12) 3.25(0.10)
B 799.3 (29.6) 3.89(0.17)
C 821.5(45.33) 6.36 (0.34)
M  1414.0 (25.1) 1.39 (0.04)
2.3.2. MECHANICAL CHARACTERIZATION

UNIAXIAL COMPRESSION TESTS

Standard, Set up and Testing Procedures Uniaxial compression tests were performed
according to UNI EN 772-1 and the Australian code [48, 55]. Sample dimensions were
decided after review of compression test standards for masonry materials in the liter-
ature, since the plate dimensions were not compatible with the initial geometry of the
entire bricks. Samples with a height of 90 mm and slenderness ratio equal to two were
tested. Prismatic samples were sawn from the corners of rectified entire bricks and sur-
faces in direct contact with the steel plates of a Universal machine were further rectified
to ensure plane parallelism (Figure 2.5a). In order to analyse the mechanical response of
adobe according to the drying process, half of the samples were oven dried at 85 Celsius
degrees. Samples which were heavily damaged after the cutting process were not tested.
Displacement controlled tests were performed using an Universal testing machine (Fig-
ure 2.5b). Deformation was recorded from the relative displacement of the steel plate,
which was prescribed to descend at a speed rate of 2 mm/min. In the following para-
graphs test results are reported for the different sample types and drying conditions in
terms of cracking pattern and resulting force-displacement plots. Since the mechanical
characterization is the ultimate goal of this paper, an entire section is devoted to this end
while the raw data and visual observations are reported in the next paragraphs.

In the following paragraphs test results are reported for the different sample types and
drying conditions in terms of cracking pattern and resulting force displacement plots.
Since the mechanical characterization is the ultimate goal of this paper, an entire chapter
is devoted to this end while the raw data and visual observations are reported in the next
paragraphs.

Observations and Results For each test, the failure patterns were observed and the
corresponding force (F) - displacement (d) diagram was recorded. They are reported in
Figure 2.6 for each material type and drying condition.

Most of the tests revealed four different regions in the force-displacement curve, inde-
pendently from type and drying condition (Figure 2.7). After an initial nonlinear phase,
due to plate-top surface setting (not shown in Figure 2.7(a)), a linear elastic branch (I) is
followed by a non linear hardening phase (II) until the attainment of the peakload, which
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Figure 2.5: Mean geometrical dimensions of tested samples (a), and Universal testing machine (b)

is followed by softening behaviour and collapse (III). Exceptions to the depicted F-d are
ascribable to (few) samples with pronounced irregularities such as visible reinforcement
concentration (Type B) or clay agglomeration (Type C) as showed in Figure 2.7 (b-c).
Also a dominant cracking pattern was observed. In fact the failure mechanism of the
majority of air and oven dried samples was characterized by diagonal cracking (Fig-
ure 2.8(a)). A first crack appeared nearby the opposite edges of both the frontal or lateral
surfaces after the attainment of the peak load and cracks progressively spread in at least
three surfaces of the sample. Almost all Type A specimens were characterized by this
failure pattern. A similar mechanism was recognized in the majority of tests of Type M,
which were also often characterized by exfoliation of the external layers of mortar (Fig-
ure 2.8(d)). Furthermore, in a not negligible number of samples from Type B (and some-
times in Type C), a main crack starting from the edges of opposite faces propagated all
along the total height of the sample causing collapse by spalling (Figure 2.8(b-c)).
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Figure 2.7: Typical F-d regions in compression(a), Type B sample (CB21a) with visible piece of wood (b) and Type
C sample (CC22b) with large voids
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The main mechanical parameters characterizing the material in compression were de-
rived from each force displacement curve, for both air dried (Table 2.5) and oven dried
(Table 2.6) samples. The compressive strength f}, is calculated normalizing the peak load
of each curve with respect to the geometrical dimensions of the sample. Furthermore,
also the unconfined compressive strength f3,, is calculated according to the Australian
standard HB195[48]. The Young modulus E was calculated both as the secant modulus
between strains at 5% and 33% of the peak strength E5_33 [56, 57] and as chord modulus
at 60% of the peak strength Egp [57]. In deformation, the strain at peak strength ¢, and
a ductility parameter d, defined as ratio between displacements at 80% of the strength
in the post peak regime and peak load, were derived. These values are reported in the
following Tables.
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(a)

(@

Figure 2.8: Typical cracked surface in compression (a) and example of different failure mode for Type B (b), C(c),
M(d) samples
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Table 2.5: Summary of results for air-dried Adobe bricks and mortar’s mechanical properties

fv fou E5-33 Eso €p, dy

Type MPa MPa MPa MPa % -

A 133(0.13) 1.06(0.13) 101.5(16.1) 104.0(16.8) 1.9(0.3) 1.4(0.2)

B 0.24(0.03) 0.19(0.02) 11.5(2.3) 11.2(2.5) 3.1(0.3) 1.5(0.1)

C 1.14(0.40) 0.91(0.33) 50.0(23.0) 50.5(23.8) 3.4(0.4) 1.5(0.2)
M 1.61(0.11) 1.29(0.09) 205.8(56.0) 204.9(52.6) 0.9(0.2) 1.4(0.1)
All 0.9 0.7 54.3 55.2 2.8 1.5

Table 2.6: Summary of results for oven-dried Adobe bricks and mortar’s mechanical properties

fo fou E5-33 Eso Ef, dy

Type MPa MPa MPa MPa % -

A 1.71(0.20) 1.38(0.16) 141.0(35.0) 140.3(349) 1.9(0.3) 1.5(0.1)

B 0.25(0.04) 0.20(0.03) 14.0 (6.4) 13.8(4.4) 2.9(0.3) 1.6(0.2)

C 191(0.44) 1.53(0.35) 109.6(29.3) 108.5(26.9) 3.0(0.9) 1.5(0.4)
All 1.3 1.0 88.2 87.6 2.6 1.5
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% 180 %

Figure 2.9: Three point bending test setup with indication of geometrical dimensions in mm (b)

(a) (b)

THREE POINT BENDING TEST

Standard and testing procedures Three point bending tests were performed accord-
ing to UNI EN 12390-5 [58] on entire air-dried bricks. The horizontal surfaces were rec-
tified in order to ensure plane parallel surfaces.

Two further corrections were applied in the test setup. The bottom and upper 3 cm di-
ameter steel rolls were interposed by 5mm thick ply wooden strips approximately 16 mm
long, equal to the maximum thickness of the samples (Figure 2.9). The strips were added
in order to avoid possible indendation on Adobe due to the large difference in stiffness
between the steel rolls and Adobe. At the end of the tests, the wooden strips were slightly
concave, but no sample showed indentation. The span (s) in each test follows the pre-
scriptions of the adopted standard. Furthermore, a low displacement rate of Imm/min
was applied in order to avoid dynamic effects during the test.

Observations and Results For each test, the failure mechanisms were observed and
the corresponding force (F) - displacement (d) diagram was recorded. They are shown
in Figure 2.10 according to each type. In all tests, the plot revealed two distinct regions.
An elastic phase until peak load, characterized by a dominant linear branch with possi-
ble slight pre peak damage (Type B), and a post peak softening response of exponential
shape. In samples M, the attainment of the peak load corresponds to a sudden stop of
machine records, which refers to possible snap back behaviour, followed by a residual
strength tail (Figure 2.10(d)).

Failure was characterized by the formation and propagation of a single crack. It appeared
at the bottom side of the front and rear faces, corresponding to the loading upper roll
(Figure 2.11) and it very quickly propagated through the thickness.

As exceptions to this trend, in two tests of type C, two different cracks were formed at
the bottom of the front and rear faces of the bricks, not aligned with the vertical of the
upper roll, without coalescence in the middle of the bottom face (sample 2 and 3 in
Figure 2.11(c)).
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Figure 2.10: Force - Displacement curves for air dried Type A(a), B(b), C(c) and M(d)

The main mechanical parameters characterizing the material in tension were derived
from each force displacement curve. The tensile strength (f;) and the flexural modulus
(E;) were calculated according to elastic material hypothesis, which is considered an
acceptable approximation. The parameters are calculated according to the following
equations:

_ 3Fmaxs
o= =52
2.1)
5- 3Fmaxs®
'T arhddp,,

where the peakload (F,4x) and the displacement at peak load (dF,,, ) with the geometri-
cal dimensions in thickness (#) and height (k) were input. The mean values are reported
in Table 2.7 together with the resulting mean mechanical parameters calculated.
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(d)

Figure 2.11: Failure mode in bending tests for air dried Type A(a), B(b), C(c) and M(d): view of the bottom face
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Table 2.7: Derivation of mechanical parameters in tension for air-dried Types

1 t h Frax AFpyax I E;
Type mm mm mm N mm MPa MPa
A 244 115 57 958(64) 0.60(0.10) 0.69 (0.05) 108.2(16.0)
B 256 122 55 314(46) 1.10(0.13) 0.23(0.03)  20.9 (4.3)
C 230 110 51 592(91) 0.90(0.10) 0.59(0.12) 72.9(17.7)
M 233 91 52 624 (65) 0.40(0.10) 0.70(0.10) 192.2(23.4)
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2.4, STATISTICAL ANALYSIS ON RESULTS

The previous chapter resumed the results of the mechanical characterization campaign
on Adobe samples made with different soil element composition at different drying con-
ditions. The information contained has been already used for research on the mechan-
ical performance of Adobe [17, 59]. This chapter is meant to deepen the analysis in or-
der to quantify the influence of the physical properties of the mixture on the mechan-
ical performance in compression of the resulting Adobe components. Moreover, as for
masonry materials, the relationships between strength and Young’s modulus in com-
pression and the corresponding parameters in tension were also investigated. Statistical
analyses were used to this end. The results are presented in the following subdivided for
compression and tension.

2.4.1. PARAMETERS IN COMPRESSION

Considering all tests, the compressive strength ranges between 0.21 MPa (CB22b) and
2.26 MPa (CC12b). The mean mechanical parameters corresponding to each type and
drying conditions reported in Table 2.5-6 are shown in graphical form in Figure 2.13.
Considering air dried samples, strength significantly differs for the four types of con-
stituent proportions. Mortar has the highest values in terms of compressive strength
and stiffness while samples belonging to Type B show the lowest performance. In par-
ticular, the mean compressive strength for Type B is not within the range indicated in
the Australian earth building book for Adobe elements (1-5 MPa) [48] and it does not
meet the lower threshold for unconfined strength requirement as it is prescribed by the
New Zealand standard for Adobe bricks (the least unconfined strength value out of five
tests above 0.9 MPa) [45, 60]. Comparing the strength values from Table 2.5-6, the effect
of curing conditions is also immediately recognizible. For all types, the mean compres-
sive strength of oven dried bricks is higher than the corresponding air dried ones, but
the proportion of increment varies among mixtures (Figure 2.13). Possible systematic
relations between the aforementioned physical factors and the resulting compressive
strength value for Adobe components were statistically investigated. To this end, it was
decided to test a law recently proposed to address the influence of moisture content on
the strength of modern unfired clay bricks [61, 62]. The compressive strength at a given
moisture content is given by eq 2.2:

foa=Aw™B 2.2)

where fj, is the air-dried strength, w is the moisture content, B is an unit-less positive
constant and A is a stress dependent term depending on the type of soil particle in the
mixture and increasing with clay amount [61]. In the present analysis, it was decided
to link the stress unit term A to the compressive strength fj,,, which is investigated ac-
cording to the granulometry proportions of each type. Considering the mean values in
terms of relative moisture content and strength for each type of brick, multivariate sta-
tistical analysis resulted in best fit formulations for the oven dried strength f;, and for
the material coefficient b, both as functions of mixture elements percentages according
to eq.2.3:
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Figure 2.12: Predicted compressive strength laws for each type as a function of water content using eq.2.2
calibrated in eq. 2.3 and comparison with experimental values for each type and drying conditions.

_ a clay (%) B
AE foo) = 1.8(7 +fiber(%)) 07

(2.3)
clay(%)

25(——————7)
b=08%e 1 + fiber(%)

According to eq.2.3, the stress term fj,, increases with the amount of clay as shown in
[61]. However, in case of adobe, it appears to also be dependent on the fiber percentage,
which weakens the overall strength.
The theoretical trends of Adobe compressive strength as a function of moisture content
according to eq.2.2-3 are plotted for each type of brick in Figure 2.12, together with the
mean experimental values of the air-dried and oven-dried compressive strengths values
(Table 2.5-6). The theoretical air dried and oven dried compressive strength values were
calculated using eq.2.3. The results are reported in Table 2.8. Considering all types of
bricks, the relative errors with respect to experimental values are always below 1%.
Furthermore, as a final validation a blind prediction was performed. The formulation
in eq.2.2 calibrated with respect to bricks in eq.2.3 was used to predict the compressive
strength at laboratory condition of Adobe mortar. The theoretical trend is also plotted in
Figure 2.12 togheter with the ones associated to Adobe bricks. The resulting compressive
strength value of 1.53 MPa at 1.4% moisture content reported in Table 2.8 is close to the
average experimental one and it lies within the standard deviation associated to Type M
(Figure 2.13).

Considering all tests, elastic stiffness ranged between 7.7 MPa (CB21a) and 289 MPa
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Table 2.8: Predicted and experimental mean compressive strengths both for air dried and oven dried Adobe

fbamlc fb“exp fb"calc fh"exl’

Code MPa MPa MPa MPa
1.34 1.33 1.73 1.71

0.24 0.24 0.25 0.25

A
B
C 114 1.14 1.89 1.91
M 153 1.61

S I

Aad Aod Bad Bod Cad Cod M

Figure 2.13: Experimental mean values and standard deviations of sun dried (,4) and oven dried (,4) bricks
and mortar and predicted values of strength ( x cross) according to eq.2.1-3
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Figure 2.14: Experimental elastic stiffness mean values and standard deviations of sun dried (;) and oven dried
(o) bricks and mortar according to the different type of soil

(CM51) (Table 2.5-6). Values show little discrepancy considering the two different for-
mulations proposed to calculate the elastic stiffness (Egyp and E5_33 in Table 2.5-6). There-
fore, in the following only the latter column is analyzed and it is simply referred to as E
(Figure 2.14). The same influence in terms of drying conditions and mixture proportions
on strength is observed in terms of stiffness (Figure 2.14). The Young’s modulus was in-
vestigated according to the following relationship for unreinforced masonry [63]:

E=kfp (2.4)

where kis a coefficient that can significantly vary in literature [64]. Within the performed
tests on Adobe, a different slope is revealed considering mortar or bricks. Considering all
bricks, both air-dried and oven-dried tests, an average slope of k=66.2 is found with a dis-
crete correlation factor and a minor difference between the oven-dried and the air-dried
bricks (Figure 2.15a). On the other hand, including also the mortar in the analysis, the
best fit of the slope increases to k=79.4, with a correlation factor r2=0.55 (Figure 2.15b).
In both cases, the slope is significantly lower than the ratio between strength and elas-
ticity modulus prescribed by codes for Adobe for walls (k=300) [60].

Considering all tests, the deformation at peak stress ranged between 0.7% (CM62)
and 4.5% (CC42) mm/mm (Table 2.5-6). An analysis of strain capacity revealed no sig-
nificant differences between air-dried and oven-dried samples, especially considering
the high scatter that characterizes Type C (Figure 2.16a). Instead, the mean strain at
peak stress was significantly different among types, with the highest performance asso-
ciated to both Type B and Type C and with the lowest for mortar. The dependency of
this mechanical parameter with respect to the soil mixture composition was statistically
investigated. This leads to a best fit formulation of ¢ s, dependent only on fiber content.
Calibrated with respect to oven dried values, it resulted in the relation given in eq.2.5:

€rp="7%fiber(%)+0.7 (2.5)
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Figure 2.15: Elasticity-Strength values considering only bricks (a) and mean E-fb values with standard deviations
associated to each Type, including mortar (b)
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Figure 2.16: Mean values and standard deviations of strain at peak stress and predicted deformation at peak
stress for mortar according to eq.2.5 (a) and ductility (b) for each type and drying condition
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Table 2.9: Predicted strain at peak strength and relative errors with respect to experimental mean values for
each Type

Efbcal gfbexﬂ

Code % %
A 1.9 1.9
B 2.9 3.1
C 3.0 3.0
M 0.9 0.9
4 -
3.5 4 c
_ 3 A A B
25
5 2 - )
“a
1.5
1 4
A M
0.5
0 T T T 1
0 10 20 30 40
Fiber [%]

Figure 2.17: Deformation at peak stress as function of fiber reinforcement percentage for bricks and mortar:
experimental values and analytical formulation

The formulation provides a good correlation with respect to bricks performance (Fig-
ure 2.17). Also in this case, a blind prediction was performed using eq.2.5 for mortar and
an appreciable match was obtained (Table 2.8, Figure 2.16a).
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Ductility was almost a constant parameter among all tests, independent of drying
condition and mineralogical composition, ranging between 1.4 and 1.6 (Figure 2.16b).

2.4.2. PARAMETERS IN TENSION

Only air-dried samples were subjected to three point bending tests. Considering all tests,
the flexural strength ranged between 0.2 (TB2) and 0.8 (TM4) MPa. The mean values for
each material components in Figure 2.18a. All mean values are in the typical range for
bending strength required for Adobe (0.1-0.5 MPa) in the Australian standard [48]. Only
Type B did not meet the requirement for Adobe bricks provided by the New Zealand
Code in tension (minimum value of strength from individual flexural tests above 0.25
MPa) [60].

The flexural stiffness ranged between 14.7 (TB5) and 226 (TM2) MPa (Figure 2.18b). Also
in tension, a relationship between strength and elasticity was investigated in the form of
eq.2.4. A slope of k=138 was found considering all bricks while the introduction of mor-
tar in the analysis increases the slope to k= 191 with a decay of accuracy (Figure 2.19).
As in compression, strength and stiffness varied significantly with soil mixture propor-
tions (Table 2.9). Plotting for each type the mean strength in tension vs the correspond-
ing unconfined strength in compression, the best fit slope considering all the tests was
approximately to 0.6. This value slightly increased to 0.64 if mortar was excluded from
the analysis, with an increase in accuracy (Figure 2.20a). In both cases, the found slope
was higher than the typical range indicated for Adobe in the New Zealand Standard,
where flexural strength lies between 10% and 20% of the compressive strength [60]. Fi-
nally, proceeding with a similar approach as for elastic moduli, a clear correlation was
found within the tested samples, with an almost unitary slope (k=0.98) (Figure 2.20b)
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Figure 2.18: Mean values and related standard deviation of flexural strength (a) and stiffness (b) for all the Types
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Figure 2.19: Flexural stiffness-strength values considering all tests or only bricks
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Figure 2.20: Mean flexural-compressive strength considering only air-dried bricks or also mortar (a) and mean
flexural-compressive stiffness considering all air dried types (b)
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2.5. CONCLUSIONS AND FINAL RECOMMENDATION

An experimental characterization campaign was conducted on three types of bricks and
one mortar with different mixture components proportions from the same mineralogical
family, produced in Europe with the same production process. The resulting mechani-
cal properties were statistically investigated in order to determine possible relations with
respect to the physical properties of the mixture. The research revealed the important in-
fluence that its physical state has on the mechanical performance of the resulting adobe
component, leading to the definition of predictive formulations in strength and defor-
mation. The compressive strength of adobe components at a given moisture content
was predicted adapting a law used for unbaked clay bricks. According to the formula-
tion, the air-dried compressive strength is inversely related to the water content of the
mixture and directly proportional to the fully dried compressive strength value. Further-
more, the compressive strength of adobe improved increasing the ratio between clay and
fiber reinforcement percentages. Although the inclusion of fiber within the soil mixture
resulted in a reduction of the strength of adobe, it enhanced the deformability of the
material. A predictive formulation for the compressive strain at peak stress was found
dependent only on fiber percentages in the mixture and independent of its water con-
tent. It is worth noting that the found laws are strictly valid for the tested types of adobe
and their general applicability should be confirmed experimentally through further in-
vestigations accounting for different types of mineralogical families, reinforcement ty-
pologies, and soil and fiber elements’ proportions.

However, the formulations for strength and strain in compression proposed in this study,
calibrated according to results on bricks, were determined to be valid also for assessing
the mechanical performance of one type of mortar tested, which shared similar failure
modes and force-displacement slopes. These trends reveal that in the case of adobe, the
feature of structural heterogeneity typical of modern masonry is no longer valid. Both
bricks and mortar of this traditional masonry belong to the same material class, and
they share the same general properties. These are only determined by the mineralogical
composition and granulometry proportions of the adopted mixture.

Among the tested samples, Type A assured the best compromise in terms of strength and
ductility performance. This resulted from a better proportion between clay and fiber
percentage. In general, the research demonstrates that an optimal combination of soil
element proportions and fiber reinforcement capable of providing both adequate levels
of strength and deformation capacity can exist and be determined. This does not neces-
sarily comply with the recommendations in terms of soil mixture proportions contained
in standards developed in different countries, which are based on the results of specific
types of soil and production methods.

In Europe, designing codes are urgently needed for the rehabilitation of existing struc-
tures of adobe (present in many countries including Germany;, Italy, France and Portu-
gal) but also for the design of new buildings according to the growing principles of “sus-
tainable architecture.” The normative effort should start from the study and evaluation
of standards for the execution and interpretation of granulometry tests on adobe soil
with respect to the resulting mechanical parameters. This issue is still not sufficiently
addressed within the existing legislative tools, and it is often neglected in scientific re-
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THE NUMERICAL SIMULATION OF
ADOBE IN STATICS

"Be rejoicing in hope,
patient in tribulation,
persistent in prayer."

Romans 12:12

A local damage model is proposed for the numerical assessment of the static performance
of Adobe masonry components. The model was applied to simulate the experimental be-
haviour of sundried soil bricks and mud mortar tested in uniaxial compression and bend-
ing. Numerical simulations of the model are made mesh objective by means of a rate de-
pendent regularization algorithm in statics. This is achieved using a generalization of the
damage delay concept based on a decomposition of the Dirichlet boundary condition. It
allows non-dimensionality of model parameters mathematically needed to prevent loss of
ellipticity of the equilibrium equations of the model. The entire regularization algorithm
is integrated within an implicit Newton-Raphson solver.

This chapter is based on “The Adobe delta damage model: A locally regularized rate-dependent model for the
static assessment of soil masonry bricks and mortar” in Engineering Fracture Mechanics, 2018.
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3.1. INTRODUCTION

The complexity of natural and man-made hazard scenarios in current society from which
buildings in urban environments must be protected, requires the development of effi-
cient interpretative tools [1, 2]. This task is translated in the field of computational me-
chanics into the need for effective material and structural models which demonstrate
numerical robustness, computational efficiency and physical consistency. Industry and
research face a serious challenge when continuum damage mechanics is adopted to sim-
ulate the response of quasi brittle materials, such as concrete, commonly used for civil
constructions. In fact, quasi brittle materials are typically characterized by softening be-
haviour, that is the slope of the post peak stress region is negative [3, 4]. This happens
because the material is progressively degraded by the stemming and coalescence of in-
ternal microcracks bridging into macro-cracks [5, 6]. Interpreting failure as a progressive
degradation of the elastic stiffness of the material, continuum damage mechanics con-
stitutes a numerical approach conceptually close to the phenomenology of quasi brittle
materials [4, 7]. However, this class of models suffers from a serious numerical pathol-
ogy named mesh dependence [8]. That is, numerical simulations of softening materials
result into localization of damage within the smallest area allowed by the spatial dis-
cretization of the material domain [9]. This happens because the boundary value prob-
lem becomes ill posed, due to loss of ellipticity of the governing equations of equilibium
[3, 10]. As a consequence, results of numerical simulations using local damage mod-
els depend on the adopted discretization, both in terms of extension of failure regions
and force displacement diagrams, depicting a progressively more brittle response upon
mesh refinement.

Mesh sensitivity is a well known issue and several numerical treatments, defined as reg-
ularization methods, have been developed over the years [5]. All methods imply the in-
troduction oflocalization limitizers (or length scale) in the local model, meant to prevent
hyperbolicity of the equilibrium equations to occur and differently introduced accord-
ing to the adopted strategy of regularization [11]. Unfortunately in most cases, these
algorithms solve mesh dependence at the expense of the aforementioned requirements
needed for an effective numerical model. The use of a nonlocal model is the most pop-
ular regularization method nowadays [3, 12]. The general principle is that the stress at
a given integration point is not uniquely determined by the history of the strain at this
point, but also by the mutual interactions with nearby ones [13, 14]. Despite being usu-
ally effective in obtaining mesh objective simulations, nonlocal models often imply non
standard code developments, difficult parameter identification procedures and inade-
quacies close to free boundaries, besides extra computational costs inherent to nonlocal
models [15, 16]. As an alternative, gradient models may also be employed to solve mesh
dependence. They prescribe enrichment of the equilibrium equations with extra gradi-
ents of the state variables to solve ill posedess of the boundary value problem. Similar
to the use of non local models, numerical simulations using gradient models are often
prone to a broadening of the damage field, which does not resemble the response of
many brittle materials, unless the internal length scale is made dependent on the local
strain or stress [17], that in turn often results in additional computational costs [7]. On
the other hand, rate dependent models have been proposed to solve mesh dependence
keeping the strain at each material point independent of the nearby ones [3]. In gen-
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eral, this is done by implementing viscosity (rate dependent) functions directly in the
governing equilibrium equations. Theoretically, the use of rate is still the most compu-
tationally efficient and physically consistent strategy to solve mesh dependency in the
case of quasi brittle building materials sensitive to rate, such as concrete [5]. Unfortu-
nately, only a limited number of these models proved to provide full regularization to
damage models [5]. Using rate to restore ellipticity of the governing equations is a chal-
lenge especially in case of quasi-static simulations. This also counts for well known local
regularization models [8]. A local damage model based on the last ¢ model for concrete
structures [18] was recently developed by Pereira et al. [2] to simulate concrete. Among
the conclusions, it was stated that rate functions within the equilibrium equations only
have aweak regularization role and instead a nonlocal algorithm was supplemented [18].

In the current study, a numerical algorithm based on rate dependency is presented,
which is integrated within the constitutive laws of the local model of [2], with the coupled
aim of mesh regularization in statics and material property [19]. This is obtained by gen-
eralizing the concept of damage delay introduced by Allix et al., in which a certain delay
after damage initiation is defined while keeping its rate bounded [20, 21]. The general-
ization is based on a decomposition of the Dirichlet boundary conditions, which allows
the parameters of the rate functions mathematically needed to regularize the model to
be non-dimensional, and not necessarily time-dependent [22]. Thus, they can be cali-
brated from experimental tests performed in statics.

Many commercial software packages available nowadays use explicit solution schemes
to approximate the solution of the partial differential equations of equilibrium at each
step of a numerical simulation. They are easy to implement and computationally effi-
cient but they need restricted time steps. On the contrary, besides harder implemen-
tation costs, only implicit solvers enforce equilibrium at each iteration, assuring robust
and accurate evaluations of the state of the system. Thus, integration of equations of
equilibrium of the regularized model has been implemented within a Newton-Raphson
solver, which provides robusteness to the resulting new algorithm. The model was called
“Adobe delta damage model” because it has been applied for the static assessment of the
mechanical performance of Adobe components.

Adobe is a traditional masonry whose bricks made of sundried mixtures of soil with
reinforcing natural fibre are joined together using mud mortar [23]. As a consequence of
alack of knowledge on the physical-mechanical performance of Adobe, no adequate nu-
merical models have been developed for Adobe and only a few attempts to numerically
simulate the constitutive response of bricks and mortar of Adobe were found in litera-
ture [24]. This situation occurs because this building technology was progressively aban-
doned starting from industrial revolutions in favour of modern materials introduced in
the construction market [25]. Nevertheless, in recent times Adobe has gained scientific
interest, as a result of a specific socio-economic conjuncture [26]. Earthen buildings,
which provide shelter to more than one third of the world population constituting 10%
of the built heritage [27], are spread in areas of the world prone to natural hazards or in-
volved into military operation, with the related treats for human beings and their prop-
erty. Moreover, attractive thermal and acoustic material properties make Adobe still a
suitable building technology for Western countries involved within enviromental im-
pact reduction tasks inherent building industry production processes [28]. Several ex-
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perimental campaigns were performed by the authors on Adobe over the last five years,
ranging from granulometry tests on soil mixtures to impact tests on walls [26, 29, 30]. The
research led to the conclusions that Adobe can be regarded as a quasi brittle geomaterial
of the same class as concrete, with a pronounced influence of soil granulometry on the
overall mechanical performance [31, 32]. The new numerical model herein presented
was adopted to simulate the static response of Adobe bricks and mortar subjected to
uniaxial compression and three point bending tests in [26].

The Adobe delta damage model is presented in the following. Mesh objectivity of the
model is demonstrated in the third section. Next, the model is applied to simulate the
response of Adobe bricks and mortar in static tests performed by the authors in [26].

3.2. THE ADOBE DELTA DAMAGE MODEL

The “Adobe delta damage model" is presented in this chapter. Implementation of the
model starts from the classical formulation for isotropic damage in eq.3.1 [33]:

oc=(1-D)é with 6=E:¢, (3.1)

where G is the effective stress vector, ¢ is the strain vector, E the elastic stiffness tensor
and D is the damage scalar, a parameter which ranges between 0 (integer material) and 1
(fully damaged material). Damage starts when the loading function f in eq.3.2 becomes
negative:

f= kO_Eeq , (3.2)

where €., and ky are the equivalent strain and the damage initiation strain, respectively.
A modified Drucker-Prager damage loading surface is adopted in the model like in [2,
18]. Two equivalent strain functions for compression crushing (€eq,) and tensile crack-
ing (g.4,) are expressed as a combination of the first (I¢) and second deviatoric (J¢,) in-
variants of strain [34]. In eq.3.(3-4), they are presented within the octraedical space, as a
combination of its normal (g,;) and tangential (y,.;) components as in soil mechanics

[35]:

{ €eq, = C1€oct t C2Yoct (3.3)
€eq. = C3€oct T C4Yoct '
in which:
e _ 1 & +Erx+E€3
oct = 3le= 3 (3.4)
Voor = =2 Jeq = =l(e1— 22 + (62 — £3)° + (e —£1)?)
oct 378 " g 1 2 2 3 3 1

where subscripts 1 3 denote principal values of the strain tensor. Parameters c; — ¢4 are
defined as [18]:
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_ 1
a= T2
€)= ———
2v2(1

s (3.5)
3= 51-2v)

=3B
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where v is the Poisson’s ratio.
Evolution of damage is directly related to the growth of two monotonic internal variables
which account for the historical maximum equivalent strains reached during loading
history. They are implemented separately for compression (k) and tension (k;) accord-
ing to [36]:

{ kc(i) = max| €0q,(1 - 1%), koc(r)] forall izt 3.6
k(i) =max[ £0q,7% ko (7)] forall izt ’

Where r is derived from the triaxiality factor proposed by Lee and Fenves [37] for multi-
axial loading states, a is a constant set to 0.1 as in [2] and the mechanical parameters ky;
and ko, are the damage initiation strains in tension and compression [34].
The value of damage in eq.3.7 combines two damage evolution laws in compression (D)
and tension (D) as in [2], in which the respective equivalent strains enter:

D=1-(1-DE1-DkP) 3.7)

where RP stands for rate dependent (regularized).

Both evolution laws in compression and tension start from rate independent softening
functions generalized as combinations of exponential and linear softening showed in
eq.3.8 [2]:

1 koc,t
eAc,t(kC,f_kOC,t) chtkc t

(D) =1 (3.8)
Where A and B are material parameters and RI stands for rate independent.

To address mesh dependence without introducing non locality in the model as in [36],
the concept of bounded damage rate is adapted [22]. This consists of introducing a
certain delay after local damage initiation while keeping the rate of damage bounded
[15, 38]. Originally developed for composite laminates, the concept is considered to
be suitable to address failure of quasi brittle materials used for masonry. In the model
for adobe, the local damage evolution laws in compression and tension are then made
directly dependent on the loading history based on a decomposition of the Dirichlet
boundary condition. Given an arbitrary displacement law evaluated in N points by the
Newton-Raphson solver, at each progressive step i of the analysis after damage initia-
tion, both the loading evolution laws in compression and tension enter rate dependent
functions (8P) according to eq. 3.9, in order to account for a “delta’ (§) increment based
on the prescribed loading history:

Db = 5D, ,, + DEP (3.9)

ot — Cli—1
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Table 3.1: Ranges of tested values using the “Adobe delta Damage Model” for mesh sensitivity analysis

Parameter Value Parameter  Value
E E; 10-250MPa  A.;B.;  25-1000
koc, kot 0.3-1.5% Ac 3-500
koq
v 0.0-0.15 —_— 10-30%

0

where the delta functions 6 D at each step are calculated using a function of exponential
shape as in [20] modified according to eq.3.10:
A _(pRI _pRD
8Dg,r; = —2L(1— e PorPerin) (3.10)
N

in which the Adobe delta damage model, A represents a further non-dimensional ma-
terial parameter and N is needed to make the results independent of discretization of
the applied law. The regularizing properties of the model come from the exponential
damage-delay functions and will be demonstrated in Sec. 3.3
The set of governing equations are integrated within an implicit Newton-Raphson solver.

The code has been developed in C++ environment using the opensource libraries of
JemJive [39].

3.3. MESH SENSITIVITY ANALYSIS

This chapter demonstrates the mesh objectivity of the “Adobe delta damage model" in
statics. Four different tests commonly used in literature to diagnose the mesh sensitiv-
ity are adopted [3, 40]. The analysed tests are an uniaxially loaded tapered bar, a shear
layer test, a shear band test and a cantiveler beam test in bending. They are used to ver-
ify the local damage distribution and the global reaction force plots for different levels
of mesh refinement. The first two are classical tests from literature which analyse the
unidirectional performance of the model. The latter two reproduce physical problems
characterized by complex stress states.

Mesh dependence was analysed for wide ranges of variations of elastic (E, v) and inelas-
tic (A, A, B) parameters of the model in compression () and tension (;), consistently with
ranges of mechanical values found in literature for Adobe [19] (Table 3.1). In the follow-
ing paragraphs, examples of results obtained from specific combinations are shown for
each test.

Four node plane stress elements are used in the model. A value of N=2000 and a preci-
sion of 10e™° is prescribed to the implicit solver.

3.3.1. UNIAXIALLY LOADED TAPERED BAR TEST

A classical test from theory widely used to diagnose mesh dependence is the tapered
cantilever bar uniaxially loaded [3]. The response of a tapered bar to uniaxial compres-
sion is analysed. A displacement is applied at the free edge of a 100mm long bar fixed at
the bottom (Figure 3.1). In order to trigger localization, a 3% tapering is applied along
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Figure 3.1: Setup for mesh sensitivity study for the uniaxially loaded tapered bar test: geometry and boundary
conditions

the height of the bar starting from 1mm thickness. The mesh of the bar is progressively
refined starting from 10 up to 160 elements. The results of this analysis for progressive
mesh refinement are shown in the following in terms of global reaction-displacement
plots (Figure 3.2) and local damage profiles along the bar (Figure 3.3). They correspond
to the following set of values inserted as mechanical parameters of the model: A.=60,
B.=0, A; =5, v =0.0, E=150 MPa, ko,=1.0%.

Force displacement plots nearly overlap, with maximum relative errors lower than 1%
(Figure 3.4(a)), while the damage profile is consistent for all meshes during the entire
simulation (Figure 3.4(b)).
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Figure 3.4: Relative errors in terms of maximum reaction force (Fj,4x), displacement at peak load (dpm ax)
and strain at 20% decay of reaction (d,) for different mesh elements (a) and damage profile along the bar at
different stage of simulations (i) (b)
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Figure 3.5: Damage profile for progressive mesh refinement for the uniaxially loaded tapered bar test using
the rate independent local model (a) and comparisons of force-displacements graphs for progressive mesh
refinement with respect to mesh independent solution (b)

Analysis of results yields the conclusion that the model is capable of producing mesh
independent simulations and good results are obtained already with the coarsest mesh.
For explanatory purposes, the performance of the Adobe delta damage model is com-
pared with respect to the corresponding rate independent version. Results confirm the
numerical pathology of the local model. The damage distribution and force displace-
ment plots depict a not-consistent progressively more brittle behaviour upon mesh re-
finement (Figure 3.5).

3.3.2. SHEAR LAYER TEST

Another test performed to verify mesh dependence is the shear layer transversally loaded
(Figure 3.6) [10, 41]. The response of the model in pure shear is analysed. A thick column
fixed at its bottom and constrained vertically along the height is subjected to a shear load
at the free edge at the top. The set up is given in Figure 3.6. In order to trigger localization,
amechanical imperfection is inserted along the first 10mm of the beam in terms of a 15%
decrease of the damage initiation strain. The mesh of the shear column is progressively
refined starting from 10 elements up to 160.
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Figure 3.6: Setup for mesh sensitivity study for the shear layer test: geometry and boundary conditions

The results for progressive mesh refinement are shown in Figure 3.7(a) in terms of overall
reaction-displacement plots and in Figure 3.7(b) in terms of failure damage profile along
the bar. They correspond to the following set of mechanical parameters of the model:
A=100, B.=0, A;=0, B;=100, A, = 6, A; = 6, v =0.0, E=200 MPa, ky,=0.6%, ko,=0.6%.
Force displacement plots nearly overlap and the damage profiles match for the different
meshes.

The analysis is mesh independent and good results are obtained already for the coarsest
mesh.

3.3.3. SHEAR BAND TEST

Specimens under compression are usually characterized by the formation of shear bands.
The mesh objective determination of shear bands is of primary interest [42]. A con-
strained cube of 50x50mm is compressed at the top in Figure 3.8. A shear band is trig-
gered by a mechanical imperfection introduced by a 30% reduction of the damage ini-
tiation strain, in the left bottom corner in the grey region in Figure 3.8. The first mesh
is chosen to have one element included in the weakest region and progressive mesh re-
finement is adopted.

The results of the mesh refinement analysis are shown in the following in terms of reaction-
displacement plots (Figure 3.9(a)) and failure damage distribution within the specimen
(Figure 3.9(b)). They correspond to the following set of values inserted as mechanical
parameters of the model: A,=250, B,=0, A;=0, B;=100, A; =9, A; =9, v=0.1, E=200 MPa,
ko,=0.7%, ko,=0.2%.

Also in a shear band test, the model is capable of performing simulations in a mesh ob-
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Figure 3.7: Force displacement (a) and damage profile at d = 1.5 mm (b) for progressive mesh refinement for

the shear layer test
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Figure 3.8: Setup for mesh sensitivity study for the shear band test: geometry and boundary conditions

jective manner.

3.3.4. CANTILEVER BEAM IN BENDING

The last test verifies the numerical response of the model in bending. A slender can-
tilever beam (L/b=4) is subjected to a distributed transversal load at the free edge (Fig-
ure 3.10). Due to the stress distribution, neither a geometrical nor a mechanical imper-
fection is used to trigger localization.

Results using the same mesh refinements as in the shear band test are demonstrated
in terms of reaction-displacement plots (Figure 3.11(a)) and failure damage distribution
within the specimen (Figure 3.11(b)). They correspond to the following set of values
inserted as mechanical parameters of the model: A.=500, B.=5, A;=500, B;=0, A, =6, A;
=6, v=0.1, E=350 MPa, k(,=0.4%, ko,=0.2%.

Mesh objectivity is again confirmed.

3.3.5. PARAMETER SENSITIVITY ANALYSIS

This paragraph briefly presents a parameter sensitivity analysis of the model. The uni-
axially loaded tapered bar presented in Sect. 3.3.1 is used for variation of the parameter
A for the same mesh of 20 elements (Figure 3.12 (a-b)). The original parameter A=60 is
doubled and halved. Similary, results of an analysis using half and double values of the
original A=5 are presented in (Figure 3.12 (c-d)). From both analyses, it is evident that
by increasing the values of the numerical parameters, brittleness is enhanced demon-
strated by a steeper softening post-peak branch and more localized damage. This effect
is more pronounced for a variation of A than for A (Figure 3.12 (e-f)).

All analyses confirmed to be mesh independent already for the coarsest discretization
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Figure 3.9: Force displacement (a) and damage profile at d = 1.3 mm (b) for progressive mesh refinement in
the shear band test
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Figure 3.10: Setup for mesh sensitivity study for the cantilever bending test: geometry and boundary condi-
tions
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Figure 3.11: Force displacement (a) and damage profile at d = 4.3 mm (b) for progressive mesh refinement in
the cantilever bending test



66 3. THE NUMERICAL SIMULATION OF ADOBE IN STATICS

(Figure 3.13 (a-b)). The only noticible difference is related to the initial jump in maxi-
mum force and displacement at peak load errors with respect to the first level of mesh
refinement, which is more pronounced for higher values of A or lower values of A; nev-
ertheless all errors are significantly lower than 1%.
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3.4. A NUMERICAL APPLICATION OF THE MODEL ON ADOBE

3.4.1. THE EXPERIMENTAL REFERENCE

Once mesh objectivity of the model has been proven, numerical simulations are per-
formed in order to verify the suitability of the framework for the assessment of the me-
chanical response of Adobe components in statics. A physical-mechanical characteri-
zation campaign performed by the authors on unfired soil bricks (which are fiber rein-
forced) and mortar (fiber free) is chosen as experimental reference [26]. It consisted of
compressive and bending tests on four types of bricks and one mortar characterized by
different percentages of fiber reinforcements. Displacement controlled tests at very low
rate (1 mm/min) were performed on prisms with a slenderness equal to two in unixial
compression or on entire bricks in bending. Interpretation of results led to the conclu-
sion that Adobe components belong to the material class of concrete [31].

The typical force-displacement diagram in compression shows three distinct phases (Fig-
ure 3.14(a)). The initial behaviour is linear-elastic and the brick is supposed to be intact.
At a stress level between 60% (typically for adobe bricks) and 75% (mainly for mortar
samples) of the compressive strength, pre-peak non linearity is observed. This is the
likely consequence of the coalescence and development of micro cracking processes
occurring inside the sample. After peak load, diagonal and vertical macro-cracks are
visible at opposite edges; correspondingly softening behaviour is observed in the force
displacement curve, while cracks spread over the whole sample with a conical pattern
(Figure 3.14(b)). When the soil matrix is mixed with fiber, the behaviour of Adobe be-
comes more ductile. Pre-peak non linearity starts at lower strain levels, while values for
strain at peak load increase, as well as the slope of the post-peak slope of softening [26].
A more brittle behaviour characterizes the mechanical response of Adobe in bending.
The typical force-displacement diagram is linear until 95% (bricks) or 98% (mortar) of
the peakload is reached (Figure 3.14(c)). A single crack is then immediately visible at the
lateral surfaces of the mid span and a corresponding softening branch in the force dia-
grams with typical exponential shape is obtained (Figure 3.14(d)). The crack propagates
quickly along the height, and at 50% of the peak load, it reaches a relative length (with re-
spect to the height of the sample) of approximately 45% (bricks) and 54% (mortar). Also
in bending, strain at peak stress and slope of the softening curve are dominated by the
fiber amount in the mixture.
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3.4.2. THE NUMERICAL HYPOTHESES OF THE MODEL

Numerical simulations were performed for all types of adobe experimentally tested in
[26]. In the following, numerical simulations using the new model are shown for one
type of brick (reinforced using 17% by weight of straw in the mixture and named “Brick"
in the following) and one type of mortar with only little traces of organic content (named
“Mortar" in the following).

Assumptions for the material parameters of the model and simulation goals are made:

* For the Young’s modulus, the mean values of elastic stiffness experimentally de-
rived in [26] for Brick (E = 100 MPa) and Mortar (E= 200 MPa) are used. A 0.1
value for the Poisson’s ratio is assumed, which is equal to the value used in the
only known research devoted to the determination of this material parameter for
Adobe [25];

* Consistently with the hypotheses of a new phenomenological model recently de-
veloped by the authors to address the ballistic resistance of Adobe [32], the Drucker
Prager surface of eq.3.2 in Sec.3.2 used in [19] is updated to include an inscribed
Drucker Prager smoothed version of Mohr Coloumb failure in compression (Fig-
ure 3.15(a)) [43]. In the octraedical space used in Sec.3.2, this implies the modifica-
tion of the set of parameters c; -¢4 of the equivalent strain formulations as follows:

_ 1

a= -2

C=—F
22+

Y2+ 3.11)

(1-2v)

_V3

3047)

C3 =

Cq =

in which the internal friction angle ¢»=10° is chosen corresponding to organic soil
[44].

* For the damage initiation strains in compression, the mean values of initial devia-
tion from linearity in the averaged stress strain diagrams experimentally derived in
[26] are used for Brick (ko, = 1.3%) and Mortar (ko, =0.7%). Elastic stiffness and ini-
tial damage strain in tension are determined in agreement with the sigma-epsilon
method of the RILEM standard for fibre reinforced concrete [45]. Symmetry in
elastic slope in tension and compression is thus hypothisezed and as damage ini-
tiation strain in tension, the mean value of strain corresponding to the formation
of the first crack in bending tests experimentally derived in [26] is used for Brick
(ko, = 0.7%) and Mortar (ko, = 0.3%).

* The damage evolution laws in eq. 3.7 are simplified. Different functions are used
for compression and tension (Figure 3.15(b)). A steeper linear softening is adopted
for tension while a smoother exponential shape is chosen for compression consis-
tently with experimental trends of Par. 3.4.1. The resulting damage evolution laws
are:
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Figure 3.15: Smoothed Drucker-Prager damage surface (DP) of the Mohr-Coulomb (MC) failure used in com-
pression (a) and damage profiles in tension (T=1) and compression (C=30) (b)
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° Mean approximate dimensions are used for Brick and Mortar (Figure 3.16(a)) taken
from [26]. In bending, the imposed interspan and the size of the distribuited con-
straining rolls are kept equal to experiments (Figure 3.16(b)). In order to trigger
localization, in compression a mechanical defect, with damage initiation strain
equal to 0.1%, is imposed at the corners of the specimen. Because of symmetry,
only half of the brick is meshed. In bending a geometrical imperfection is used
and a quadrilateral Imm mesh with four integration points is applied. Displace-
ment controlled analyses with small incremental steps (5*10™%) are imposed at the
upper side of the sample in compression and at the mid span in bending. A preci-
sion of 1*107° is prescribed to the solver.

* Calibration of parameters C, T, A in compression is performed in order to inter-
polate as closely as possible the mean displacements at peak stress and the 90%
pre and post peak (named ultimate displacement in [26]) strength decay experi-
mentally derived in [26] for Brick and Mortar. Calibration of damage function pa-
rameters in tension is performed in order to match as closely as possible the mean
slope of the post peak exponential softening curve experimentally derived in [26]
for Brick and Mortar. All material parameters used in compression are taken the
same for bending tests. For sake of simplicity, the value of A is initially assumed
constant for Brick and Mortar in tension and compression.

3.4.3. THE NUMERICAL RESULTS AND COMPARISONS WITH EXPERIMENTS
The best fit simulations in compression and bending are shown for Brick and Mortar
in Figure 3.17. They are presented together with the targeted mean experimental plots
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Figure 3.16: Numerical setup in compression (a), and three point bending test (b), including geometry and
boundary conditions

associated to each type. Both curves are inserted within the minimum and maximum
envelopes of experimental data related to compressive and bending tests on bricks and
mortar. The corresponding failure patterns are compared in Figure 3.18.

In compression, the numerical results match the experimental data well at least until
ultimate displacements for both Brick and Mortar in Figure 3.17(a-b). As a result of
the simple formulation of eq.3.12, the numerical reaction plots do not capture the ex-
perimental trends of the post-peak experimental regions for large displacements (which
could be experimentally recorded only for a limited number of specimens). Differences
may be due to a more distributed failure pattern in the tests due to material heterogene-
ity which can not be addressed using deterministic models. Advanced softening laws
with more ductility in the final failure stage may also provide a better match between
test and simulation. Nevertheless, the numerical curves lie within the experimental en-
velopes associated to bricks and mortar at least up to 50% of the post peak stress.

The numerical failure resembles the principal experimental cracking patterns depicted
for Adobe in Par. 3.4.1, despite the simplifications as two-dimensional modelling, isotropy
and setup of the model to simulate developments of cracks usually starting from fiber-
induced areas of de-adherence, clay concentrations or defects [26] (Figure 3.18(a)).

Also for three point bending tests it was possible to accomplish the goal and the numer-
ical f-d plots match most of the elastic and post peak softening experimental curves for
both Brick and Mortar (Figure 3.17(c-d)). Also here a slight deviation between experi-
ment and simulation is observed in the later stage of loading. However, also in bending
the numerical plots remain within the experimental envelope for values higher than 50%
of the post peak stress. Moreover, using the material parameters derived in compres-
sion and the flexural strain as given in RILEM for concrete, the resulting values of tensile
strength derived from eq.3.13 well approximate the strength values experimentally de-
rived in [26] for both components (Figure 3.19(b)).
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Figure 3.17: Experimental-Numerical force-displacement comparisons in compressions (a-b) and flexure (c-d)
for Brick (left) and Mortar (right)

_ 3Fmaxs
fo= =52

where the peak load (F;,4x) and the displacement at peak load (dF,,,,) with the geo-
metrical dimensions in thickness (#), height (h) and span (s) are input from numerical
results.

Almost full resemblance is extended to the depiction of the failure mode, where a sin-
gle crack starts after damage initiation and it propagates quickly along the heigth (Fig-
ure 3.18(b)). Match with experiments is quantitatively extended to the evaluation of the
cracking rate, meant as the ratio between length and height with respect to the same
decay of strength after peak load (Figure 3.19(a)).

(3.13)
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Figure 3.18: Experimental-Numerical comparison in terms of failure pattern in compression of Brick with quar-
ter of CAlla (brick) at about 2mm (a) and in bending at mid span of Mortar with M3 (mortar) at a decay of
about 20% of the strength (b)
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Figure 3.19: Experimental-Numerical comparison in terms of crack propagation in bending (a) and in terms of
tensile strength evaluation (b) for Brick and Mortar
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Table 3.2: Best fit material parameters in compression and tension for Brick and Mortar

Type C Ag T Ay
Brick 140 5.0 1000 160
Mortar 180 5.0 1000 440

0 10 20 30 40 0 10 20 30 40
Fiber Content [%] Fiber Content [%]

(@) (b)

Figure 3.20: Relationships between calibrated material parameters of the numerical model and experimental
fibre content for four different types of bricks and mortar (including Brick and Mortar) tested in [26]

3.4.4. A PHYSICAL INTERPRETATION OF NUMERICAL CALIBRATION

The material parameters used for calibration are listed in Table 3.2. In compression it
was possible to keep A, constant for Brick and Mortar, while the brittle curves in bending
required the use of a very high value for T for Adobe components, leaving A, as calibrat-
ing parameter. Calibration of numerical parameters is qualitatively consistent with ob-
served experimental trends [26]. Given a fixed value for A, the difference in value of the
material parameter C, higher for Mortar than Brick, is consistent with the experimental
evidence that mixtures with higher fiber content show higher ductility in compression.
They are shown in Figure 3.20 (a), where the material parameter C for Brick and Mortar
is given as function of the corresponding reinforcement ratio. The calibration of param-
eter C for all types of bricks tested was performed in [19]. A similar trend is shown for
parameter A; in tension (Figure 3.20 b).
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3.5. CONCLUSIONS

A rate-dependent damage model has been developed to numerically assess the material
performance of Adobe masonry components in statics. It originates from a local model
recently developed for concrete with limiting regularization properties. In this study, the
numerical model has been made fully mesh objective in statics, integrating rate depen-
dent damage functions within an implicit solution scheme. The resulting rate depen-
dent model assures mesh independence within a robust algorithm prone to preserve
coherence with the physics of quasi brittle materials. A decomposition of the Dirichlet
boundary condition allows all the numerical parameters of the damage evolution laws to
be non dimensional. Thus, they could be calibrated with respect to the static experimen-
tal results in compression and bending of one type of brick and mortar experimentally
tested by the authors. Despite simplicity, the current version of the model could cover
the main features of the experimental response of components in compression and ten-
sion. Therefore it constitutes a valid framework to numerically assess the mechanical
performance of Adobe components and the modified Drucker Prager failure surface is
confirmed to well addresses the material response in compression.
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THE EXPERIMENTAL
CHARACTERIZATION OF ADOBE IN
DYNAMICS

"(..)The most reliable and useful courage
is the one that arises from the fair estimation
of the encountered peril(...)

Starbuck in Moby Dick, by H. Melville

This paper presents the results of an experimental research aimed at assessing the material
performance of adobe bricks in compression for a wide range of induced strain rates, from
statics to high velocity impact. Adobe is a traditional masonry whose bricks are made of
sundried soil mixtures possibly reinforced with natural fibers and joined together using
mud mortar. The inclusion of fiber and the presence of water in the mixtures have a dom-
inant effect on the mechanical performance of adobe. Their influence on the dynamic
behaviour of this material is quantified and interpreted in this study at high strain rates
also with data produced through Hopkinson bar testing. Appropriate dynamic increase
factors and constitutive equations for adobe in dynamics are also investigated. The paper
presents the experimental campaign, shows the main results and offers qualitative and
quantitative interpretations for the principal damage patterns observed.

This chapter is based on “Dynamic behaviour of Adobe in compression: the role of fibers and water content at
various loading rates” under review, 2019.
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4.1. INTRODUCTION

Contemporary society is confronted with many threats of different nature, from inter-
national terrorism to environmental emergency. Safety and protection of critical build-
ings and infrastructures are among the top priorities of governments around the world
including the European Commission and its Joint Research Centre [1]. In Europe ter-
rorist attacks have recently involved targets within the domain of the city, inside or in
the proximity of dwellings and infrastructure for civilian use [2]. In this context, strate-
gies of strengthening of the target [3] are neither economically nor socially sustainable.
Thus, built infrastructure nowadays must be made resilient through the design process
with respect to a wide range of dynamic loadings which not only include natural hazards
such as floods and earthquakes, but also impacts and explosions as man-made threats
[4]. These dynamic phenomena, with different intensity, are characterized by higher de-
formation rates imposed to the material with respect to static loadings [5].

Many civilian buildings and constructions are mainly made of brittle materials, such as
concrete, ceramics, glass and rocks [6]. The properties of these materials are sensitive to
the rate ofloading [7]. That means that their physical-mechanical behaviour changes ac-
cording to the imposed loadings. If assuming static properties within the design process
may constitute a known approximation with respect to seismic loadings, using the same
approach with regards to strain rates corresponding to impacts and blasts may lead to
serious errors in the prediction of structural damage and fragmentation effects [8, 9].
These dynamic loadings require also the adoption of constitutive models capable of ad-
dressing the changes in the response of the material to high strain rates [6]. In order to
incorporate these effects in analytical and numerical models, it is of paramount impor-
tance to experimentally characterize the material performance at all relevant deforma-
tion rates [5].

The study of the dynamic properties of cement-based materials has been consolidated
over the last fifty years. It is generally accepted that strength of concrete increases with
strain rate [10]. However, not all typical features related to the dynamic response of the
material have been clarified and interpreted yet [11]. On the other hand, very limited
sources of knowledge concern building materials for masonry constructions such as clay
or stone, despite being of paramount importance for a reliable design of masonry [9]-
[13]. If this is true for modern bricks and mortar, the state of knowledge is even more
limited with regards to traditional masonry building materials, such as adobe [14].
Adobe is a traditional masonry whose bricks are made of raw mixtures of clay, sand and
silt. Soil is mixed with natural fibers in the field according to local availability of re-
sources and cast in moulds to be sundried according to building traditions. After air
curing, bricks are joined together using mud mortar. Adobe is one of the first forms
of masonry on earth [15]. More than 1/3 of the world population still lives in earthen
dwellings, which constitute 10% of the built heritage [16]. Unfortunately, they are spread
in areas of the world prone to earthquakes or involved into military operations, with se-
vere numbers of human losses and built heritage disruption every year [17]. Moreover,
despite the presence of many examples of this building technique in Europe, the use of
adobe has declined after the industrial revolutions in today’s building industry [18].
Two critical factors threaten more than others built heritage of adobe and limit its use in
current practice. They are its low strength and durability properties [19]. These effects
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are directly linked to the material selection and production processes inherent to adobe
masonry. They result from common practices adopted for adobe in the field while their
implications on the material properties are not standardized and scarcely addressed in
literature [19]. For instance, avoiding industrial baking processes makes the material
properties dependent on the water content in the mixture over its life cycle [20]. Further-
more, bricks and mortar are still often produced mixing soil with organic content locally
available, regardless of the mineralogical properties of soil elements and the chemical
interactions with fibers and water. Instead, a proper characterization of adobe must ad-
dress the influence of such inclusions on the microstructure of the resulting component
of adobe masonry.

Addressing the role that fibers and water contents in the mixture play on the material
properties is of paramount importance because these are among the features which con-
figure adobe as a eco-friendly building material [21]. Natural fibers improve the thermal
and acoustic properties of adobe [16]. Traditional production and construction pro-
cesses are characterized by limited costs and minimum carbon footprint with respect
to industrial products. For these reasons, natural fibers or binders and traditional drying
processes have been recently applied also in modern building materials such as concrete
and clay [22] - [24]. Therefore, assessing the influence of fibers and drying processes on
the properties of adobe is crucial in a global conjuncture.

This paper presents an experimental and numerical study of the material performance
of bricks of traditional adobe at a wide range of strain rates. It addresses the effects on
the material behaviour of low (statics), intermediate and high strain rates. High strain
rates on the material are simulated using Hopkinson bar tests. The influence of water
content and fiber contained in the mixture on the material performance is addressed
and interpreted both in statics and dynamics.

In the following paragraphs, the experimental campaign is described and its results are
reported. Observed effects of strain rates, fiber and water contents on the mechanical
performance of adobe are described and dynamic increase factors are quantified in the
third section. Next, these observations are further interpreted.

4.2, THE EXPERIMENTAL CAMPAIGN

Ajoint experimental campaign including Delft University of Technology (TU Delft), TNO,
Dutch Ministry of Defence and the Joint Research Centre of the European Commission,
was carried out in 2018.

The investigation was aimed to characterize the physical and mechanical performance
of components of adobe masonry loaded in compression at a wide range of strain rates
corresponding to induced loadings ranging from statics to the ones corresponding to
earthquakes and impacts [25].

The influence of fiber reinforcement and water content in the soil mixture on the mate-
rial properties for each strain rate was aimed to be quantified and evaluated.

4.2.1. MATERIALS

Two types of adobe bricks were selected for testing. They resulted from the same soil
selection but only one of them contained substantial percentages of natural fibres.
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(@) (b)

Figure 4.1: Example of tested fiber free (a) and fiber reinforced (b) adobe

Cylindrical samples of about 40mm in diameter with unitary slenderness were drilled
from both bricks types and basal surfaces rectified to achieve parallel planes with a tol-
erance of 0.lmm (Figure 4.1). 40mm is the minimum size required for static testing on
masonry components in codes [26] and it was considered as sufficiently large to rep-
resent the average heterogeneous structure of adobe in this campaign. Shape and size
were chosen also to limit radial confinement due to inertia during the Hopkinson bar
tests which is found to be proportional to the cross sectional area, while assuring equi-
librium along the height, which is usually assured for low slenderness [9].

Each type of adobe was tested at two different water contents in the mixture. Air dried
samples were air cured for 28 days at laboratory conditions while fully dried samples
were further baked in the oven.
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4,2.2, TEST SETUP AND METHODS

Physical characterization tests were performed at the laboratory of soil mechanics and
geo-engineering of the Delft University of Technology. Mechanical tests were performed
at the European Laboratory for Structural Assessment (ELSA) of the Joint Research Cen-
tre in Ispra, Italy.

PHYSICAL TESTS

Granulometric composition of the tested adobe was determined on three samples per
type according to standard BS 1377-2 [27]. Density and moisture content at laboratory
conditions were determined on fifteen samples per type according to NT Build 333 [28].
However, the prescribed temperature of 105°C for the oven-drying process was lowered
to 85°C, in order to prevent damage in the micro-structure, which is found to happen in
cementitious materials for temperatures higher than 100°C [29]. In fact, samples sub-
jected to moisture content and density tests were also used for mechanical tests. The
complete drying process was considered to be achieved when in two subsequent mea-
surements, the variation in mass was lower than 1 g. Three days were needed in average
to fully dry adobe samples.

STATIC TESTS

Static tests at a strain rate ¢; of about 3 107 s™! (calculated as ratio between deforma-
tion rate and specimen height), were performed on five samples per type and drying
conditions. Tests were performed using an MTS universal testing machine (810 Material
Testing System-50kN). Two special compression platens (of 115mm in diameter) were
used to correctly load the specimens in compression. Displacement controlled tests at
constant velocity of 0.0lmm/s were performed. Displacement and forces were recorded
by a FlexTest 40 Digital controller unit. Average stress-strain plots were derived normal-
izing each curve over the corresponding cross section areas and heights. A camera was
installed to acquire high resolution photo sequences at 1 frames/second synchronized
with the sensors data recorded by the testing machine at sample rate of 10Hz. Test setup
is shown in Figure 4.2(a).

DyNAMIC TESTS

Dynamic tests were performed at two different strain rates, in the range corresponding
to impacts and blasts [25]. Five tests per type and drying conditions were performed.
Tests at an intermediate strain rate of about 3 s™! (€2) were performed using the same
setup and machine of Figure 4.2(a), with two differences. Displacement controlled tests
were performed at approximately 100mm/s. Moreover, force and displacement signals
have been recorded (at a sample-rate of 20kHz) using a National Instruments acquisition
board (NI USB-6366) controlled with the Labview software and photo sequences were
recorded at 5000 frames/second with a Photron SA1.1 high speed camera. At both strain
rates in dynamics, average stress-strain plots were derived normalizing each curve of
response over the corresponding cross section areas and heights.

Strain rates of the order of hundreds s~! can be obtained only using specific setup and
machines, namely drop hammer machines or split Hopkinson bars. A modified Hop-
kinson bar at the Hop-Lab of JRC was used to test adobe at approximate strain rates of
120 57! (€3). The input and output bars of 40mm diameter are made of aluminium. The
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input pulse was generated through the pre-stressing of a portion of the input bar and
abruptly releasing it. Test setup is shown in Figure 4.2(b). A scheme of the machine pro-
vided with geometrical information is graphically reported in Figure 4.2(c). For a detailed
report of the dynamic test machine the reader is referred to [14, 30]. In the tests, the in-
cident bar applied a constant velocity of about 4200 mm/s to the sample. For each test,
a thin layer of vaseline was applied at the interfaces between the bar end and the sam-
ple surfaces to minimize friction and maximise plane-parallelism. Moreover, samples
were pre-stressed up to 5% of the static strength for clamping and horizontal positioning
purposes. For each test, specimen loading conditions and corresponding bar ends dis-
placements were calculated by properly processing the strain signals record with a chain
of semiconductor strain gages applied on the bars. For this purpose, a sample-rate of 5
MHz was used and the data acquisition system GAGE Module A/D Express CSE8482-H2
with dedicated software was employed. Time-syncronized high-resolution videos were
also recorded at 50000 frames/second using the Photron SAl.1 digital camera. Image
resolution is adequate to track failure patterns also in case of high velocity impacts.
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Figure 4.2: Setup of servo-hydraulic machine tests (a); Detail of Hopkinson bar in front of the specimen (b);
Schematic picture of the JRC modified Hopkinson test setup for compression (c)
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Table 4.1: Ranges of percentages of soil elements and fiber content by weight for the tested adobe and mean
values (and standard deviations) for dry density and water content

Soil Granulometry Density | Water content
Type | % Clay | %Silt | % Sand | %bw Fiber | kg/m?® %
A | 24-25 | 47-48 | 27-28 <2 1790 (12) 2.3(0.2)
B | 24-25 | 47-48 | 27-28 17-18 1180 (20) 2.4(0.2)

4.2.3. ELABORATION OF RESULTS

PHYSICAL TESTS

The mean curve of the soil granulometry distribution of the tested adobe is shown in
Figure 4.3(a). The volume percentages ranges of soil elements are reported in Table 4.1
according to particle sizes (2-0.06mm sand; 0.06-2um silt; < 2 ym clay). The soil of the
tested adobe is defined as a clayey sandy silt. The percentages of organic content are
also included in the table. Soil of Type B contains a mixture of wooden and straw fibers
of different sizes and shapes (maximum dimension of 20mm (Figure 4.3b)). Traces of
organic content were also found in Type A.

The average densities of the two types of adobe differ significantly, whereas their mois-
ture content at laboratory conditions after 28 days of air curing shows similar values
(Table 4.1).
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Figure 4.3: Typical soil granulometric distribution (a) and microscopic image zoom on fiber reinforcement (b)
of the tested adobe
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STATIC TESTS

Failure of cylindrical samples in compression is characterized by a mixed vertical-diagonal
cracking pattern. Cracks start from random points of the sample spreading irregularly
over the surface. The first cracks appear before the attainment of the maximum load. In
case of fiber free samples, this occurs at an earlier stage (0.85 of the strain corresponding
to peak load in average) with respect to the fiber enriched samples (0.93). Typical crack
distributions and their progression are shown through snap shots in Figure 4.4 and Fig-
ure 4.5 for both types at different deformation stages (first rows). Samples from Type B
are characterized by more diffuse and less visible cracks. These often follow the visible
fibre orientation. Moreover, fiber reinforced samples show significantly larger lateral vol-
ume expansion, remaining coherent until larger displacements (Figure 4.6(b-c)). These
trends do not change if samples are fully dried. However, for both types, in oven dried
specimens the first crack in average appears at higher load levels (0.91 of peak for Type
A and 0.97 for Type B) and they tend to be slightly less spread (Figure 4.7(a-c)).
Averaged stress strain plots are shown from Figure 4.6a by averaging test quantities over
height and cross section areas of the specimen. Despite common practice, it should be
noted that this is rigorous only when deformations in the post peak part of the curve are
not too localized [31]. Values of key material parameters in compression were derived
from each curve. They are the compressive strength f,, the corresponding critical strain
€f, and the elastic modulus E (meant as chord modulus between 5% and 33% of com-
pressive strength). Moreover, an ultimate deformation value €,, meant as the strain cor-
responding to 20% decay of the maximum load was calculated to characterize the early
post peak deformation capacity [32]. In static (as well as in dynamic tests), possible out-
liers were excluded using the Interquartile Range Method and no more than one test was
excluded for each type and drying condition. Average values and related standard devi-
ations are listed in Table 4.2. Mean stress strain curves are shown for both adobe types
and drying conditions in Figure 4.9. A similar scatter (slightly more pronounced for Type
B) characterizes the curves of both types which is typical scatter associated to adobe
in literature (Figure 4.10a) [19]. Four different regions are distinguished in all curves of
response. A nonlinear initial phase (“1” in Figure 4.9(a-b)) is followed by a dominant
linear elastic region (2). A second pre-peak non linearity (3) precedes the attainment of
the peak load, which is followed by a softening branch (4). In fiber reinforced samples,
larger extensions of the pre-peak non linear phases in the stress-strain are observed with
respect to fiber free and the degradation of the softening curve occurs at a significantly
lower rate (Figure 4.9b). This corresponds to an enhanced ductility associated to Type B
in terms of critical strain (order of 1:3) and ultimate strain (order of 1:4). On the contrary,
the mechanical performance of fiber free samples is higher both in terms of compressive
strength (order 1:2) and elastic modulus (order of 1:3).

The depicted trends in the shape of stress curves and corresponding relationships among
types do not change if samples are oven dried (Figure 4.9(a-b)). For both, fully dried sam-
ples show higher strength (order of 1:2) and higher Young’s modulus (Figure 4.7(a-c)).
However, the influence on parameters regarding deformation is negligible (Table 4.2).

DYNAMIC TESTS
Also in dynamics, failure pattern of adobe samples is characterized by the development
of vertical-diagonal systems of cracks (Figure 4.4-Figure 4.5 (second and third rows)).
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However, the first cracks have systematically a more straight orientation than in statics.
This is particularly the case for fiber free samples, while a more diffuse and random ini-
tial crack pattern remains associated to Type B as in statics (Figure 4.6(second and third
rows)). For both types and drying conditions, damage initiation processes appear visible
in cylinders at later deformation stages of the dynamic curves of response. This is valid
also comparing results from the intermediate and the high strain rate tests. On air dried
samples, the first crack appears just at peak load for €5 (0.95 of the critical strain for Type
A and 0.99 for Type B) and in softening for €3 (1.06 for Type A and 1.12 for Type B). How-
ever, more severe damage characterizes the sample response at large deformation levels
in softening. Fragmentation and pulverization occur in the softening phase (Figure 4.8).
This is particularly the case for Type A.

Considering dynamic tests separately at each strain rate, the regions which compose the
stress-deformation curves correspond to those observed in statics (Figure 4.9(c-d)). As
in statics, for each rate the tests on fiber reinforced samples show enhanced ductility and
smoother curves than the corresponding fibre free tests, which in turn are characterized
by higher values of strength and elastic modulus. For both types, oven drying does not
change the failure pattern while it improves the strength parameters as observed in the
previous paragraph (Figure 4.7(second and third rows)).

Analysing each type and drying condition at all the strain rates tested, it emerges that the
values associated to the main key material properties change in dynamics (Table 2). In
the following, the effects of strain rate on material properties are quantified in terms of
mean dynamic increase factors (DIF), the ratios between the value for the dynamic and
the static property [33]. Mean values are shown as a log-scale function of the applied
strain rate in Figure 4.11- 4.12 and standard deviations are included in symbol thickness
[34]. The validity of the essential assumption in the Hopkinson bar tests of stress equi-
librium in the specimen has been checked. Figure 4.10b shows examples of the recorded
forces at both sides of the specimen as function of time. For all tests it counts that the
ratio of the difference in forces and the average force did not exceed 0.1 for the response
regions 2 and 3 (Figure 4.9).

For both types and drying conditions, all tests in dynamics reveal higher values for the
compressive strength with respect to the corresponding static ones. This trend is not
linear: higher ratios are associated to results of split Hopkinson bar tests (Figure 4.11).
The rate of increment is lower for samples reinforced with fibers. This happens for both
strain rates with similar proportions. For both types, air dried samples show a strength
increase proportionally larger if compared with corresponding air dried samples (Fig-
ure 4.11a). The maximum DIF is associated to air dried type A samples (1.84 at high rate)
and the lowest to oven dried type B samples (1.66).

Similar trends denote the sensitivity to rate on adobe in terms of elastic modulus at high
rates (Figure 4.11b). The maximum rate effect is of the same order of magnitude as for
compressive strength (1.73). Similarly, the dynamic increase is the largest for the air
dried fiber free adobe and the lowest for oven dried fiber reinforced samples (1.40). Neg-
ligible sensitivity to the rate is associated to the initial tangent stiffness (Figure 4.7a,d,g).
Higher uncertainty concerns the assessment of the influence of rate on the deforma-
tions. In general, the ductility parameters are characterized by a minimal rate effect with
respect to the performance in strength and not always consistent trends characterize re-
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Table 4.2: Average values (and standard deviations) for the main materials properties in compression at the
three different strain rates for the two types and drying conditions. A,;=Type A, air dried; A,;=Type A, oven

dried; B,4=Type B, air dried; B,;=Type B, oven dried

StrainRate | |, ———— Type |4 Agd B.g Bog
7o[MPa] 2602 | 3301 | 1402 | 1.60.1)
¢ s E[MPa] 17034) | 267(29) | 54(7) 65(11)
L €7, 1%] 2.4(03) | 2.2002) | 57(0.6) | 5.6(0.6)
eul%] 3.7(02) | 350.1) | 12.1(0.2) | 12.9(00.3)
fo[MPa] 350.1) | 420.1) | 1.60.2) | 1.80.1)
6 ) E[MPal 208(60) | 306(9) | 68(11) | 71(10)
c7, %] 25(04) | 2.303) | 52(03) | 5.3(0.4)
€ul%] 37(002) | 3.4(0.2) | 13.2003) | 13.3(0.1)
7,(MPa] 48(03) | 5.6(05) | 2302 | 2.603)
6 1) E[MPa] 30040.1) | 401(50) | 84(12) | 92(10)
3 e7, %] 1.80.1) | 1.6(03) | 4504) | 4.5(0.4)
€ul%] 3.7(05) | 3.505) | 13.6(0.5) | 13.1(0.6)

sults for Type A and Type B (Figure 4.12). Critical strain is slightly larger than in statics for
fiber-free samples (DIF of 1.09) at intermediate strain rate. A slight reduction is shown
by fiber reinforced matrix (0.96) for the same loading. For both, the critical strain more
clearly decays in Hopkinson bar tests in a similar range for both types included between
0.81 (Type B) and 0.77 (Type A). Variation in the softening parameter is minimal for all
dynamic tests (Figure 4.12b). For both parameters of deformation, the rate of enhance-
ment does not change if samples are oven dried (Figure 4.12).
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Figure 4.4: Comparison of typical damage progression for air dried Type A, at first crack appearance and 4%,
8%, 10% strain levels for static test (first row), intermediate strain rate test (second row) and split Hopkinson
bar test (third row)
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Figure 4.5: Comparison of typical damage progressions for air dried Type B at first crack appearance and 8%,
12%, 15% strain levels for static test (first row), intermediate strain rate test (second row) and Hopkinson bar
test (third row)



4.2. THE EXPERIMENTAL CAMPAIGN 95

w

——A()

= N
o N o

Stress [MPa]

0.5

0 0.02 0.04 006 0.08 0.1 0.12
Strain [mm/mm]

(@)
4
—A,4(95)
——B,(912)

3
‘T
o
=
» 2
@
2
7]

1

0 N N . . .

0 0.02 0.04 006 0.08 0.1 0.12
Strain [mm/mm]
(d) (e)

‘T
o
=
123
w
|
)

0 . . . . .

0 002 0.04 006 0.08 0.1 0.12
Strain [mm/mm]
® (h) ®

Figure 4.6: Examples of stress strain plots and corresponding cracking patterns at 12% deformation for air
dried Type A (left) and Type B (right) for static test (first row), intermediate strain rate test (second row) and
Hopkinson bar test (third row)
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Figure 4.7: Examples of stress strain plots and corresponding cracking patterns at 50% stress decay for air
dried (b,e,h) and oven dried (c,f,i) Type A for static test (first row), intermediate strain rate test (second row)
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Figure 4.8: Typical post-mortem comparison of Type A (right) and Type B(left) for static test (first row), inter-
mediate strain rate test (second row) and split Hopkinson bar test (third row)
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Figure 4.10: Typical envelopes of the response curves (a) and specimen equilibrium check during a Hopkinson
bar test (b) for air dried Type A (“A”) and Type B (“B”), (where in (b) input and output correspond respectively
to the resultant of the incident and reflected waves and to the transmitted waves at interfaces of the bar with

the specimen)
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Figure 4.13: Typical dynamic increase factors in compressive strength for concrete and test results for adobe

4.3. ANALYSIS OF RESULTS: A MODEL FOR ADOBE IN STATICS
AND DYNAMICS

As for cement-based materials, the mechanical parameters of the tested adobe show
sensitivity to the applied rate of loading. In concrete, rate sensitivity in dynamics is usu-
ally measured in terms of strength enhancement ratio. Its dynamic increase factor is
usually higher in tension than in compression [29]. In compression strength can in-
crease up to three times [9] and guidelines suggest to consider an increment of 85% in
the design for impact loadings for ordinary concrete subjected to high strain rates [25].
For the tested adobe material, rate sensitivity in strength is slightly less pronounced than
reported for concrete. This is in agreement with the only other source of information
available in literature regarding impact tests on adobe at high strain rates (Figure 4.13)
[14, 35]. In Figure 4.13 dynamic increase factors for adobe lie on the lower boundary of
the cloud of data usually associated to concrete [25]. This is especially valid for strain
rate €3 (Hopkinson bar tests).

The enhancement of the strength in compression can be addressed in dynamics using
rate dependent functions. Many different formulations have been proposed in literature
for a wide range of cementitious materials [9, 33]. They are usually implemented into
numerical models to simulate the mechanical response under highly dynamic loadings
[12, 36].

In order to address the increase in the compressive strength of quasi brittle materials at
high rates, the most commonly adopted formulations are log-log power functions. The
most comprehensive and widely accepted reference to design the compressive strength
of normal concrete (f, < 50 MPa) in dynamics is the CEB-FIB model [37]. It defines DIF
as:
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{ D.ILF.=(£)19%6% for¢ < 307! Wi

D.LE=y(£)%% foré=30s"!

where € is the current strain rate in dynamics, €; is the reference static strain rate
(equal to 3 1072) and:

a=—1
5+9(ff—b) 4.2)
y= 1061&?0:—2

where f, is a reference strength of 10 MPa. Figure 4.14 shows the CEB model for
a concrete of 30 MPa of strength. It matches relatively well with experimental data on
concrete. However, it clearly overestimates rate dependency of adobe, represented by
average plots and standard deviations associated to air dried Type A and Type B, as rep-
resentatives of the two types tested in Sec. 4.2 (Figure 4.13). Other log-log functions
proposed in literature for concrete, mortar and clay also overestimate the dynamic per-
formance of adobe [9]- [13], [38]. The overestimation is also enhanced if the values of
the reference parameters in eq.4.2 (fj, and €;) are adapted on tests on adobe. This is
shown in Figure 4.14, where the f}, of the CEB formula is equal to 1.35 MPa, taken as the
average of the compressive strength of 110 static tests collected from literature for tradi-
tional adobe in [19]. Other versions of the CEB formula are recently found in literature to
address high performing steel fiber concrete (SFRC). Few tests found to address dynamic
strength of concrete mixed with steel fiber proportions lower than 5% b.w. reveal lower
sensitivity to rate with respect to plain concrete [39-41]. In [40], the CEB model was mod-
ified prolonging the yielding strain rate (€;=53 s~!) and decreasing the dynamic increase
factor beyond with approximately a factor 0.7. In Figure 4.14 the resulting function for
a high performing concrete of strength of 80 MPa is shown. The plot is closer to the ex-
perimental rate of enhancement showed by fiber reinforced adobe. Underestimation of
experimental data of adobe is also encountered considering other bi-linear functions for
concrete tested on different dataset. This is the case of the function proposed by Tedesco
and Ross and described in eq. 4.3 [10].

{ D.I.F.=0.00965¢ + 1.058 for é <63.1s! 4.3)

D.I.F.=0.758¢ — 0.289 for é > 63.157"

Aside from piecewise functions in standards, linearly increasing equations with power
or logarithmic shapes are used in literature to define rate dependent models for quasi
brittle materials (eq.4.4-5):

é
D.I.LE=(—)* (4.4
€s
é 5 € n, €
D.I.F=A,+A1log(—)+Aylog“(—)+(..)Aplog" () (4.5)
€s €s €s

where n defines the degree of the function and Ay- A, and a are non dimensional pa-
rameters to be determined according to interpolation of extensive experimental dataset.
Most formulations belong to the second class [42] (eq.4.5) while the model proposed by
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Table 4.3: Best fit parameters (rounded to the first significant digit) for logarithmic and power functions and
square roots errors

Logarithmic Power

Type | A, | A1 Ay Az err | B | err
Agq | 0.7 | 0.03 | 0.03 | =0.0 | 0.01 | 27 | 0.2
Apq | 0.7 | 0.03 | 0.03 | =0.0 | 0.02 | 31 | 0.1
Bgg | 0.5 0.02 | 0.03 | =0.0 | 0.02 | 34 | 0.1
Byg | 0.5 | 0.02 | 0.03 | =0.0 | 0.02 | 36 | 0.2

Mihashi and Wittman in [43] belongs to the first approach based on a stochastic the-
ory of fracture in conjunction with thermodynamics (where « is equal to ﬁ with § a
material parameter to be interpolated) [44].

Equations 4.4-5 can be used to interpolate the average strengths of adobe types at differ-
ent strain rates. Interpolation was based on least square method on mean compressive
strength for both types and water contents. Examples of interpolating functions (for
Type A,4) are shown in Figure 4.14 for each equation. Best fit parameters and mean er-
rors are reported for both types of functions and tested adobe in Table 4.3. The power
function does not address satisfactorily experimental data on adobe. It tends to over-
estimate the dynamic strength at intermediate strain and to under-value the maximum
dynamic strength above é=100 s~!. Best fit values are however slightly higher than the
ones proposed originally [43] (=14 for flexural strength).

An overall better approximation is obtained using third order logarithmic functions. Best
fit values are lower than the usual ones proposed for concrete materials and are con-
tained in a narrow range for the two types at different drying conditions (Table 4.3) [5].
An integrative approach consists in using these rate dependent formulations to extend
the validity of constitutive models developed in statics to the dynamic regime. In fact, for
masonry materials the whole softening curve of response, besides the quantification of
the value of strength, is important in case of nonlinear dynamic analyses [45]. This is the
approach used for instance by Priestley et al. in [46], where analytical o —e curves devel-
oped for the constitutive assessment of concrete masonry in statics (¢=3 107% s~1) were
adapted via a multiplying factor of 1.25 for both deformation and strength parameters
of the model to simulate the mechanical response at ¢=0.01 s~!. A similar approach is
attempted in this section. A constitutive model from literature is proposed for the static
assessment of the tested adobe components [47]-[49]. In fact, statistical analyses con-
firm that models originally developed for concrete can be used to interpolate the curve
of response of adobe [50, 51]. In this case, the stress-strain equation in compression pro-
posed by Popovics for normal concretes of given aggregates compositions [52] is used to
address both the tested types and drying conditions of adobe in Sec. 4.2. The model is
reported in eq.4.6 as:

n

0=(E))(——————)¢
-1+ (e

(4.6)
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Figure 4.14: DIF functions for the compressive strength of adobe (TypeA,) at different strain rates



4.3. ANALYSIS OF RESULTS: A MODEL FOR ADOBE IN STATICS AND DYNAMICS 105

where E, is the ratio between the compressive strength and the corresponding strain
while 7 is the only material parameter of the model, which in the original work of [53]
varies between 2-4 for mortars and 1.5-5 for concrete according to porosity and internal
matrix composition.
For each test in statics n was calibrated to match the curve of response at least until ulti-
mate strain. The model fits well all experimental results of unfired bricks, independently
from water and fiber inclusions in the mixture (Figure 4.15a,b), with limited standard
deviations for n associated to each type and drying conditions. Mean best fit values for
n are found to be almost double for fiber free air dried samples (3.1 +0.2) compared to
fibre reinforced ones (1.7 +0.1). Values slightly differed if samples were oven dried both
for Type A (3.0 £0.2) and Type B (1.7 £0.1). As in [52], statistical inference suggests that
nis a property of the soil mixture quantitatively linked to the 18% of fibers added in the
soil mixture. A value of 3 and 1.7 respectively for Type A and Type B is thus kept as a
material constant for the constitutive assessment of adobe in dynamics. Similarly to [46]
approach, eq. 4.6 is thus modified in dynamics to:

n

0= (kE))(—————)¢ (4.7)

n—1+(51re)"

where DIF corresponds to the best fit functions calibrated for each type and drying
conditions in eq.4.5 and k is a function on the dynamic strength enhancement statisti-
cally derived by interpolating all dynamic functions for each type, drying conditions and
applied rate. As a result of multivariate analyses, a formulation for k is derived:

k
I~ 1+Be3n-3e"3)(1+0.03w)é (4.8)

where statistical inferences confirms higher sensitivity for higher water content (w)
and minor organic content (n). Figure 4.15(c-f) show the analytical-experimental com-
parisons between the constitutive model calibrated in statics integrated with rate depen-
dent functions and the mean experimental curves for each type, drying conditions and
strain rates. Considering the wide range of strain rates targeted and the natural scatter
inherent tests on not engineered materials, the model well addresses the experimental
data on adobe also in dynamics. This is particularly the case for Type B.
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Figure 4.15: Experimental-analytical comparison in statics for air dried and oven dried Type A (a) and Type B
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dried Type A (c-d) and Type B (e-f)



4.4. INTERPRETATION OF THE ROLE OF FIBERS AND WATER IN STATICS AND DYNAMICS 107

4.4, INTERPRETATION OF THE ROLE OF FIBERS AND WATER IN

STATICS AND DYNAMICS

The experimental study has revealed that the mechanical performance of adobe is sen-
sitive to the applied strain rate and its material resistance is enhanced when solicited by
dynamic loadings. Analysis of data proves that macro-models developed for cementi-
tious materials are suitable to simulate the mechanical response of adobe components
[50] and the associated DIF parameters are within the same experimental ranges usually
associated to modern geomaterials as concrete and mortar [5, 54].

This section focuses on the meso-scale interpretation of the role of fibers and water con-
tent in adobe mixtures according to the observed patterns in Sec. 4.2-3. As cement and
concrete, adobe is a quasi-brittle geomaterial which can be considered as macroscopi-
cally homogeneous at a certain length scale. However, the physical interpretation of the
mechanisms which are activated inside the material of adobe when solicited by dynamic
loadings can not be done without a detailed analysis of its meso-structure. Each compo-
nent in adobe, including water and air pores, plays a role and interacts with the others in
the mixture according to mineralogical properties and production processes determin-
ing the overall system strength. Its rigorous assessment is possible only using advanced
experimental techniques [29]. These have been largely used to investigate the behaviour
of modern building materials but they have been only rarely applied on adobe [55]. Fur-
thermore, production processes in adobe are not standardized and quantity, materials
and proportions of mixture components are often decided in the field according to local
availability and different vernacular building traditions.

However, water and fiber content were the isolated variables of this experimental study
and analysed for a wide range of loading conditions from statics to high velocity im-
pacts. Thus, the resulting information constitutes a solid qualitative as well as quanti-
tative dataset which allows to propose interpretations on the effect of fibers and water
content in the meso-structure on the macro-properties of adobe at different rates. For
both factors, interpretation starts from the analysis of the dynamic behaviour exhibited
by adobe and they are verified with respect to the trends observed in statics. The result-
ing theory for adobe resorts to principles of fracture mechanics and of geotechnics and
soil investigations, which are actually commonly adopted also to interpret the micro-
behaviour in modern geo-based building materials.

4.4.1. WATER IN ADOBE MIXTURES: THE ROLE OF CHEMICAL BONDS

The higher sensitivity in strength to high strain rates exhibited by samples containing
interstitial water is explained at a meso scale by “Stefan adhesion” [56]. According to
this principle of viscosity, a layer of water between two parallel plates separated by a cer-
tain distance exerts a normal force which is proportional to the velocity with which the
plates are approximated or separated [57]. This inter-capillary phenomenon is supposed
to happen between the surfaces of soil particles of adobe solicited by high velocities of
deformation (Figure 4.16) [58].

The Stefan effect has been used to interpret the dependence of moisture content on dy-
namic performance in tension which has been observed also for concrete [7, 59]. Tests in
[60] on concrete samples revealed that rate sensitivity in tensile strength can almost dou-
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Table 4.4: Comparison of compressive strength of different masonry materials (HC: hollowed clay; CS: calcium
silicate; LAC: lightweight concrete; AAC: autoclaved aerated concrete; AD: oven dried fiber free adobe) using
the database for masonry in [64]

Parameter | HC CS | LAC | AAC | AD
Strength [MPa] | 16.9 | 26.1 14 3.8 | 3.3

ble when saturated with respect to normal cured concrete. The lower sensitivity shown
by the tested adobe is explained by the low water content in samples air cured under
sun for 28 days and by the possible effect of high water reactivity inherent in clay toward
water [61].

Inter-particle chemical bonds explain also the higher static performance associated
to fully dried adobe tested in the study. Interstitial water weakens the bonds between
binder particles in the mixture. Its evaporation allows the formation of stronger chem-
ical binding which ensure a denser inter-particle arrangement [62]. This is consistent
with the Lambe’s model for compacted soils: on a dry state, the distance between two
clay platelets is small enough for the Van der Waal forces to dominate, inducing clay
flocculation and making up the structure [61, 63].

Also for concrete materials, higher strength is observed in literature for baked cement
pastes with respect to normal cured concrete [29, 40]. Fiber free baked adobe reveals
values for static strength which are comparable with some building materials commonly
used for masonry constructions. Table 4.4 compares the mean strength of baked adobe
with respect to values associated to other modern building materials used for masonry
[64]. Comparison reveals that oven dried strength of fibre free adobe is close to lightweight
aerated concrete.

The drying process does not significantly influence the deformation capacity of adobe in
statics and dynamics [19]. This is related to the cracking process of the material, which is
associated to the role of fibers in the matrix discussed in the following paragraph. Areas
of the matrix inherent fibers are considered as fully dried after 28 days of curing. This
is consistent with the observation of similar water content for the two types in Par. 2.1
despite different fiber amount: fibres and surrounding areas are fully dried while water
isretained in clay and at interstitial level of the matrix.

4.4.2. FIBERS IN ADOBE MIXTURES: THE ROLE OF HETEROGENEITY

The lower sensitivity of strength to high strain rates exhibited for adobe samples con-
taining fibers is interpreted by linking principles of fracture mechanics to hypotheses on
the specific heterogeneity level of fiber enriched mixtures of adobe. Actually, as showed
in Sec. 4.3, also the few multi-strain rate experimental tests available in literature on
fiber reinforced concrete reveal a lower DIF compared to plain concrete. This was also
explained for concrete as a result of a higher homogeneity and lower porosity levels pro-
vided by steel fibers at a meso-scale [39, 40]. This is consistent with the positive effects of
fibers on the toughness and strength of the material in statics [65]. In fact, fibers in con-
crete have been lately added in the mixtures to enhance the mechanical performance
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Figure 4.16: Schematic picture of Stefan effect between two clay floccules (Source: authors)

of the material through the employment of the specific mechanical properties of both
elements and including their proper interaction. Instead adding fibers represents an
ancient practice for adobe, originally meant to reduce shrinkage cracks inherent to air
drying processes of bricks mixtures during production processes. Their role on the me-
chanical performance is scarcely addressed in literature.

Interpretation provided in this study on the role of fibers on the mechanical performance
of adobe both in dynamics and statics requires to mention a few fracture mechanics
principles.

For a generic quasi brittle material tested in dynamics, the enhancement of strength per-
formance can be explained considering a change of fracture planes at a meso-scale with
respect to statics [7]. In statics, given a limited set of flaws inside the material, the most
critically sized and oriented ones undergo crack initiation and propagation. As these
microcracks approach the vicinity of other propagating ones, they may interact and coa-
lesce into a macro crack which leads to loss of structural integrity and failure at a macro-
scale [66, 67]. In fact, if propagating flaws encounter stiffer areas, they have the time to
deviate around them bridging into macro-cracks and the fracture and stress path with
minimum energy demand is defined. Instead in dynamics, loadings characterized by
short time duration and high supply rates induce a forced crack development inside the
material also through its stiffer areas, while stress intensity is reduced by the coalescence
of other similar micro-cracks nearby the loaded areas [68]. As a result, more diffuse pat-
terns of short and straight cracks initiated at multiple weak spots are often observed in
quasi brittle materials such as concrete, corresponding to higher values for compressive
strength and strain at peak [7, 25]. Also in adobe a strength enhancement is displayed at
high strain rates, which is lower than the typical ranges associated to concrete. Cracking
patterns in dynamics of the tested adobe clearly show parallel crack orientations to the
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loading direction only at the first stages of deformation in dynamics. This is especially
the case for fiber enriched mixtures, which experience the lowest rate of increment in the
performance and whose failure pattern in dynamics tends to follow the static ones with
negligible influence of rate on deformation capacity. The theory of fracture mechan-
ics links with the experimental evidence for adobe given that the rate of enhancement
of the dynamic material properties depends on the spatial distributions of the micro-
flaws inside the material, that is by the level of uniformity of a mixture. If the number
of micro-flaws increases, the probability of interaction increases also in case of dynamic
loadings [69]. It means that if density of initial flaws distribution is sufficiently high,
the effect of loading rates on the crack bridging processes is limited and a stress path
with energy demand close to statics can be developed also in the dynamic regime (Fig-
ure 4.17). This can explain the lower DIF of adobe with respect to concrete and the lower
DIF of fiber enriched mixtures with respect to fiber free ones. In fact, for industrialized
cementitious materials, selection and production processes are highly standardized in
order to ensure prescribed levels of uniformity to the mixture and resulting material per-
formance. For adobe appropriate material standards and related quality controls do not
exist yet. Moreover, traditional adobe is not pressed during curing, potentially increasing
the number of voids in the mixture. Therefore, the level of heterogeneity of traditional
adobe is higher than the one associated to modern building materials. This is especially
the case for mixtures containing organic content. This is consistent with the interpre-
tation that fibers constitute weak interfaces of the soil matrix of adobe in statics [51].
Their inclusions in soil mixtures potentially determine extensive areas of de-adherence
between the adopted soil matrix and natural organic materials, which enhance porosity
in the mixture and exasperates the material heterogeneity [31]. Void distribution and
porosity is in fact found to weaken the strength also in mortar used in modern masonry
[70].

The interpretation of the role of fibers in adobe in dynamics is consistent with the exper-
imental trends observed in statics. In fact, low levels of strength and stiffness associated
to the tested adobe including fibers are commonly observed also in literature [19, 71].
Only in rare cases, fibers are found to enhance macro properties in strength [72]. The
success of fiber inclusion on the strength is indeed determined by the bonding between
the different micro-elements which determines the meso structure of the mixture; that is
by soil mineralogical family, elements proportions and organic materials, contents, sizes
and shapes [51]. To a minor extent, this also counts for modern building materials. In
steel reinforced concrete for instance, the level of bonding in the matrix is found to be
dependent on the percentage of steel reinforcement [73].

The major contribution associated to the presence of fibres in the mixture on the
mechanical performance of adobe is related to the material ductility. This is a common
trend observed for the material of adobe in literature and this is considered the “rein-
forcing” effect on adobe [71] [74]. Its role is visible from early stages of deformation up
to the softening phase of the material response and it is due to the stress-transfer occur-
ring at meso-scale in the mixture. Presence of fibers determines higher heterogeneity to
the mixture and larger number and areas of flaws, that causes a more pronounced non
linear slope also in the pre-peak curve of response. However, the bridging effect of the
fibers allow stresses to be transferred through cracks, limiting their entity and holding
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Figure 4.17: Schematic meso-scale representation of micro-flaws numbered in descending order of entity and
crack paths, in blue lines for statics (left) and in red in dynamics for low (center) and high (right) number and
density of flow distribution, with zoom on possible clay floccules separated by fibers

together the vital cores of the soil particles which are separated by fibers in the post peak
region [75]. A similar role is attributed to fiber inclusion in concrete (SFRC), with fibres
disperse in the matrix capable of holding together the matrix while reducing the overall
lateral expansion of specimens [40, 41].

Fibers are also confirmed to boost the physical properties of the mixture, decreasing
the weight of the brick [76].
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4.5, CONCLUSIONS

An experimental campaign was performed on specimens of adobe, a masonry made of
unsaturated soil bricks and mud mortar. Two types of bricks were tested. They had the
same mineralogical composition but they differed in the presence of organic content.
For both, half of the samples were fully dried in the oven. Samples were subjected to
compressive loadings at three different strain rates corresponding to static, intermedi-
ate and high rate loading conditions. A substantial, high-quality set of experimental data
has been produced. Data have been elaborated and some constitutive models originally
developed for modern geomaterials have been reviewed and proposed for modelling the
adobe strain rate sensitivity of strength in this study. In fact tests revealed that the ma-
terial properties in strength are enhanced by the rate of loadings while a minor influ-
ence was encountered in the deformation performance. Strength increases more in fully
dried adobe and in mixtures not containing fibers. This is interpreted as that water in-
duces a viscous inter-capillary phenomenon which strengthens inter-particles bonds in
the matrix proportionally to the rate of loading. Adding fibers in the mixture enhances
the heterogeneity of material for adobe and fibers weaken inter-particle bonds in the
matrix causing the presence of weak regions at a meso-scale.

It has also been shown that the macro-properties of adobe, including dynamic increase
factors and softening curves, can be addressed using numerical models developed for
concrete-based materials. However, many of these numerical models used in engineer-
ing are mainly based on assumptions of material homogeneity. This is an accepted ap-
proximation for modern building materials which are heterogeneous at a meso-scale
but whose mixture selection and production processes are standardized to ensure pre-
scribed levels of homogeneity at a given length scale. As explained above, this assump-
tion can not be a-priori transferred to the traditional adobe produced in the field. Adobe
is still a site dependent material and the selection of the mineralogical and geometrical
properties of the elements involved in the mixture is not standardized according to op-
timization requirements but rather chosen for opportunity reasons. In absence of man-
ufacturing regulations and production chain control, high fiber fractions can cause seri-
ous material inhomogeneity and void increase in certain soil mixtures of adobe. Proper
material selection and production procedures with resulting optimum product quality
is essential to ensure a safe use to a sustainable material in current society.
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THE NUMERICAL SIMULATION OF
ADOBE IN DYNAMICS

"To improve is to change,
so to be perfect is to have changed often."

W. Churchill, 1925

A local damage model has been recently developed for the numerical simulation of the
static behaviour of adobe bricks. Mesh insensitivity of the local model was obtained by
generalizing the damage delay concept based on a Dirichlet boundary condition decom-
position integrated in an implicit solver. The regularization properties of the model were
proven before only in statics. In this study, mesh independence is demonstrated in dynam-
ics analysing the problem of a cantilever bar uniaxially loaded at high deformation rates.
Furthermore, the physical background of the delay formulation is interpreted regarding
the main failure processes in compression exhibited by quasi brittle materials used in ma-
sonry. Two limitations of the model in correctly simulating the dynamic behaviour of
masonry bricks have been observed. Corrections to the original damage delay formula-
tion are proposed in this study. These enhance the capability of the model to address also
distributed failure of traditional geo-materials and the inherent rate dependence also at
high strain rate regimes. The improvements are demonstrated in this paper by means of
numerical simulations of both theoretical tests and practical applications. These consists
of experimental tests in compression recently performed by the authors at different strain
rates, from statics to high velocity impact tests.

This chapter is based on “Dynamic simulations of traditional masonry materials at different loading rates using
an enriched damage delay: theory and practical applications” in Engineering Fracture Mechanics, 2019.

121



122 5. THE NUMERICAL SIMULATION OF ADOBE IN DYNAMICS

5.1. INTRODUCTION

Built heritage of the contemporary city is more and more exposed to dynamic hazards
of different nature [1]. Not only natural events such as floods or earthquakes may hap-
pen but also man-made threats such as ballistic impacts and blast explosions due to
an increase of the terrorist threat in Europe [2]. Because of high amplitudes and strain
rates induced locally on the target, these events can produce severe damage in structures
made of quasi brittle materials such as concrete [3]. In fact, the response of softening
geo-materials is highly sensitive to the applied rate of loading [4]. Therefore, the de-
velopment of interpretative tools capable of addressing the dynamic behaviour of quasi
brittle materials is of paramount importance nowadays [5].

In engineering software, numerical simulations of material failure often use a damage
framework [6]. Continuum damage mechanics constitutes a pragmatic approach close
to the physics of the material because it interprets failure as a progressive degradation
of the elastic capacity of the material [7]. In fact, in quasi brittle materials failure starts
when the first micro-cracks coalesce starting from voids or defects inside the material
and bridge into a macro-crack which may cause the progressive loss of structural in-
tegrity [8].

However, the link between many damage models and the corresponding physical mech-
anisms aimed to be addressed still represents a controversial issue not fully solved [9].
This is also the case because damage models suffer from a numerical pathology which
prevents objective evaluations of failure for different spatial discretizations [10]. In stat-
ics, this is because the boundary value problem becomes ill posed when strain softening
takes place due to the loss of ellipticity of the governing equations [11]. To solve this is-
sue, so-called regularization algorithms are coupled to local damage models. As a result,
extra functions must be implemented, sometimes at the cost of controversial physical
interpretations for the inherent numerical parameters. This is the case, e.g. for non local
regularization models [9].

Local regularization algorithms may solve mesh dependence using rate dependent dam-
age laws and thus constitute the closest approach to the physics of quasi brittle materials
in dynamics [11]. Unfortunately, only a limited number of these models are capable of
fully regularizing the model [12]. The regularization properties of a particular local algo-
rithm have been recently demonstrated in statics [13]. It integrates a-dimensional dam-
age delay functions based on decomposition of Dirichlet boundary conditions into the
constitutive equations of a local model for concrete and solved using an implicit solver
[13]. The regularization algorithm is based on the concept of a bounded rate of damage,
which was originally applied for simulating delamination problems in composites ma-
terials [14]. However, this can constitute a valid approach also for cement or clay-based
quasi brittle materials commonly used in masonry [15].

The model developed in [13] for static loadings is briefly presented in Section 5.2 of this
paper. The aim of this study is twofold. The regularization properties of the model are
herein analysed for the dynamic problem at high loading rates including inertia effects
(Section 5.3). Furthermore, the original delay algorithm is modified. Its formulation is
enriched with two new material and external conditions dependencies in Section 5.4.
The modifications address the specific limitations observed in numerical simulations of
the dynamic response of quasi brittle materials using the original formulation. The op-
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portunity of the proposed solutions are interpreted in light of the theory on the dynamic
behaviour of quasi brittle materials commonly used in masonry. For both cases, they
are numerically demonstrated via simulations of theoretical problems and validated via
numerical simulations of two real dynamic compression tests recently performed by the
authors on different types of masonry bricks [16]. Many of these tests concerned the
material characterization of adobe components, sundried made of silt, sand and clay.
The numerical simulations of the model presented in [13] were aimed at addressing the
static behaviour of this traditional material. Therefore the model was originally named
“adobe delta damage model” [15].

5.2. THE ADOBE DELTA DAMAGE MODEL

The model developed in [13] is briefly presented in this section. This model adapts a
damage delay algorithm originally developed for laminated composites [17] in a local
damage framework recently modified for the dynamic assessment of concrete [3, 18].
Implementation of the model starts from the classical formulation for isotropic damage
ineq. 5.1 [19]:

o0=(1-D)6 with &=Ee, (5.1)

where G is the effective stress vector, € is the strain vector, E the elastic stiffness matrix
and D is the damage scalar, a parameter which ranges between 0 (integer material) and 1
(fully damaged material). Damage starts when the loading function v in eq.5.2 becomes
positive:

¥ =teq—ko, (5.2)

where €., and kj are the equivalent strain and the damage initiation strain, respectively.
The thermodynamic variables of the material states are expressed as equivalent strains
for compression crushing (e.4.) and tensile cracking (e.4,) [20]. A modified Drucker-
Prager damage surface is represented, which is suitable for a wide range of pressure-
dependent building materials [21]. The equivalent strains are expressed as a combina-
tion of normal (¢,.;) and tangential (y,.;) strain components in the octahedral space:

{ Eeq; = C1€oct + C2Y oct (5.3)
Eeq. = C3€oct + CaYoct

which are related to the first (I;) and second deviatoric (J;,) invariants of strain as in
eq.5.4:

1 E1téExtE3
EOC[ = glg = T
8 (5.4)
Y., = _gjfd =3 [(e1 —€2)* + (€2 — £3)* + (€3 — £1)°]

where v is the Poisson’s ratio and subscripts ; 2 3 denote a principal value.
Parameters c; — ¢4 are taken equal as in [3], but also other options are available according
to the material properties [15]:
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Evolution of damage is directly related to the growth of two monotonic internal variables
which account for the maximum equivalent strains reached during loading history in
case of non-monotonic loadings. These are implemented separately for compression
(k¢) and tension (k;) according to [12]:

{ ke(i) =max[ €04, (1 -1%), koc(r)] forall izt 5.6)
k(i) = max[ €04, 7% kot (r)] forall izt )

Where r is derived from the triaxiality factor proposed by Lee and Fenves [22] for multi-
axial loading states, a is a constant set to 0.1 as in [5] and the mechanical parameters ko,
and ko, are the damage initiation strains in tension and compression [23].

Two damage evolutions laws called for compression and tension are dependent on the
damage initiation strains determined by the stress state of the integration point. These
are rate-independent laws resulting from linear and exponential softening functions [24]:

1 ko,
eac,t(kc,t_koc't) bc,tkc,t

de=1- (5.7)

Where a and b are non dimensional parameters.

For both compression and tension, eq.5.7 enters a damage delay function. At a cer-
tain time 7 of the generic loading history evaluated in N points by the Newton-Raphson
solver, non dimensional delta functions are introduced according to a principle of de-
composition of the Dirichlet boundary condition [13]:

Act

— _ (AT _nt-1

6DL,=DL,~DL;'= —~ 1-e (de,i=De.i)y (5.8)
where A is a non dimensional parameter that bounds the maximum damage rate

[13]. The final value of damage at each time step results from the combination of the

values in compression and tension [5]:

D=1-(1-D/)1-Dy) (5.9)

In the dynamic problem, a consistent mass matrix has been implemented in the equilib-
rium equation of the finite element model. Time integration of the field equations has
been done using the implicit Newmark unconditionally stable scheme [25]. The set of
governing equations is integrated within an implicit Newton-Raphson solver. The code
has been developed in a C++ environment [26].
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Figure 5.1: Setup for mesh sensitivity study for the uniaxially loaded bar test: geometry (a) and boundary
conditions (b)

5.3. MESH SENSITIVITY STUDY IN DYNAMICS

The capability of the model to perform mesh objective analyses in statics was demon-
strated in [13]. This section analyses its regularization properties in dynamics. To this
end, a classical test from literature used to diagnose mesh dependence is adopted [27].
This is the cantilever bar uniaxially loaded in compression [11]. A piecewise velocity pro-
file is commonly applied at the free edge of a 100mm long bar fixed at the bottom (Fig-
ure 5.1) [28]. The same analysis is performed for different levels of spatial discretizations.
The mesh of the bar is progressively refined starting from a coarse mesh of 10 elements
up to 160 elements. Results from numerical analyses are used to verify the local damage
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distribution and the global reaction force for different levels of mesh refinement.

5.3.1. QUASI STATIC REGIME

Prior to the dynamic analysis, the results of a test using the model are compared with
the static counterpart to verify the correctness of software implementation in dynamics.
The analysis is carried out at a low deformation rate (v=1mm/min) which implies a neg-
ligible contribution of inertia in the dynamic equilibrium equation. The following set of
material parameters of the model are used: a=1000, A = 10, v =0.0, E=200 MPa, p=1400
%, ko=1e™3, while #,=0 s and N=2000. Values are valid for both tension and compres-
sion [15]. Results are evaluated with the static analysis in terms of force displacement
and damage evolution profile. Considering natural oscillations inherently present in dy-
namic simulations, the analyses provide the same results. Furthermore, mesh objectivity
is verified in terms of reaction force plots and damage profiles resulting from dynamic
equilibrium equations (Figure 5.2). The model provides the same results independently
of the adopted spatial discretizations and the damage profiles are consistent along the
process of failure (Figure 5.2b).

5.3.2. WAVE PROPAGATION PROBLEM

To verify mesh objectivity of the model for a wave propagation problem, sensitivity tests
are performed in the case of a significant inertia contribution in the dynamic equilib-
rium equations. The numerical setup introduced by Sluys in 1992 is adopted [11]. A

constant value for the velocity v calculated as 1;—]27 (with f3, C the uniaxial strength and

longitudinal wave speed determined by the elastic property of the model respectively
and «x a parameter lower than 1) is instantaneously applied (#,=0 s) to generate a block
wave pulse along the bar which guarantees a linear elastic response of the bar until the
loading wave reaches the bottom boundary. The doubling of the stress after reflection as-
sures immediate damage at the boundary and localization of intense straining emerges
[10]. The same set of values used in par.5.3.1 for the rate independent parameters of the
model is applied. In order to force localization for the fast loading scenario, the parame-
ter A in the damage delay formulation is magnified with a factor 500. The adopted time
step is 2%, calculated approximately as 1% of the ratio between the length of the bar
and the speed of sound C, which is about 400m/s for the assumed set of elastic parame-
ters.

Time history of the reaction force at the bottom boundary nearly overlap for all mesh re-
finements (Figure 5.3). Maximum errors in peak load values and toughness of the stress
strain curve are always lower than 2%. Damage profiles are consistent for all meshes
during the entire simulation (Figure 5.4).

Results of wave propagation sensitivity test yields the conclusion that the model pro-
duces objective simulations in dynamics.
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Figure 5.2: Force displacements plots (a) and damage profile extensions along the bar at different stages of
simulation (b) for static and quasi static tests at different time (N:1000-2000) and spatial (mesh elements: 10-
160) discretizations (relative length expressed as ratio of x over L)
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Figure 5.3: Reaction force time plots at bottom boundary for a shock wave propagation test for different meshes
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5.4. A PHYSICAL INTERPRETATION OF THE MODEL FOR SOFT-
ENING MATERIALS

In the previous section the performance of the model in dynamics in terms of mesh
independence has been verified. In this section, the original formulation of the delay
function is modified according to eq. 5.10:
sp7 = MHED (_ pana-p, (5.10)
where p is a function of the loading rate and f a function of the local damage d. The
new inclusions are meant to improve the performance of the original formulation. An
extra dependence in the delay function on the value of the local damage d at a given time
7 is aimed at enhancing the flexibility of the model to track different shapes of the soft-
ening behaviour for various masonry materials. A function p is introduced to control
the maximum damage rate for high loading rates and it allows to use the same model
to simulate the material response tested at different deformation rates. In the following
two paragraphs, the two modifications are interpreted in the light of the current knowl-
edge on the mechanical behaviour of quasi brittle materials, using principles of fracture
mechanics as well as experimental evidence. Physical consistency and mesh objectiv-
ity are firstly numerically tested using the same uniaxial compression test setup shown
in Sec. 5.3 (Figure 5.1), with loading profiles at the upper boundary of the quasi static
regime (1-5 mm/s). Next, modifications are validated against real dynamic tests recently
performed by the authors on various clay based masonry materials [16]. Uniaxial tests
consisted of dynamic impacts at velocities ranging from 80 mm/s to 4000 mm/s on cylin-
drical samples of only clay baked and air dried fibrous adobe materials.

5.4.1. NUCLEATION TIME IN QUASI BRITTLE MATERIALS AND THE NUMER-

ICAL DELAY FOR DUCTILE CURVES OF RESPONSE

A sample of a generic masonry material subjected to an external load in compression
does not instantaneously fail due to the formation of the first (micro)-crack. Inside the
sample, micro-flaws and defects coalesce and grow until bridging in the macro-crack
leads to failure [29]. Thus, a variation in the external load does not result in an immedi-
ate damage visible in the sample. There is always a certain nucleation time inherent to
micro-crack bridging processes.
The delay function of exponential shape in eq. 5.10 numerically includes this physical
property: damage variation due to a variation in the external equilibrium equation of
forces at the boundary is not instantaneous but delayed [17].
In quasi brittle materials, spatial and temporal progression of micro-cracking processes
from first flaws is found to be dependent on the intrinsic properties of the material and
on the external load applied [30, 31].
It is experimentally observed that the nucleation time leading to the bridging process for
adobe as well as for other masonry materials is significantly influenced by the external
rate [32]. In statics, if propagating flaws encounter stiffer areas, they have the time to
deviate around these zones, bridging into macro-cracks, and fracture along a crack path
with minimum energy demand is followed. Instead in dynamics, loadings characterized
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by short time duration and high supply rates induce a forced crack development inside
the material also through its stiffer areas, while stress intensity is reduced by the coales-
cence of other similar micro-cracks nearby the loaded areas [33]. As a result, higher val-
ues for compressive strength and strain at peak are observed in the dynamic response of
concrete-like materials [34, 35]. In the original delay formulation of eq.5.8, the influence
of loading history on the nucleation time numerically results from the delay 1 — e~ (¢=")
between d at time 7 and D at 7—1. For increasing velocity profiles on the bar of Figure 5.1,
strength (Figure 5.5a) and damage profiles (Figure 5.5b) using the original model and set
of parameters as in par. 5.3.1. progressively increase.

However in [13] a limitation of the original function was observed in correctly captur-
ing the ductile response of masonry bricks and mortar in softening after strength attain-
ment. This particularly occurs when simulating traditional materials like adobe. These
are characterized by a non linear response along the entire deformation process and of-
ten denoted by a more ductile softening slope corresponding to a distributed failure due
to fiber inclusions. These process could not be fully addressed in [13] using eq.5.8 and
the available set of functions and parameters. The experimental-numerical discrepancy
was attributed to a more distributed failure pattern in tests caused by the development of
extensive micro cracking during advanced stages of deformation. The influence of the
micro-flaws developing along the entire deformation process is mathematically trans-
lated in the variable § of the new eq. 5.10. An increasing brittleness in the response for
higher values of the parameters ahead of the exponent of the delay function was already
observed in [9]. However, besides a decay of the strength, the shape of the resulting soft-
ening slope remained the same using constant parameters. Instead, the mineralogical
properties and inter-particle interactions influence the micro-flaws size and distribution
which dictate the speed and progression of the micro-cracks coalescing into the struc-
tural macro-crack up to failure [31]. As a result, the softening slope can be significantly
different between different materials and change during the deformation process ac-
cording to the mineralogical properties of the mixture. The effects of these properties on
material failure are phenomenologically represented in damage models by the parame-
ters inherent to the local damage evolution laws (eq.5.7). Thus, the dependence of the
softening process on the intrinsic mixture properties is represented by a § function in
the delay of eq.5.10 that governs the actual history of the local damage d along the whole
deformation process. This results into a direct dependence of § on the value of the local
damage d at time step 7. The entire non linear phase of the material response changes
after introducing g, including the initial damage rate and the softening slope evolution.
They vary according to the particular function used for the evolution for 8. This is shown
in the following, using the test of the compressed bar presented in Sec. 5.3. Four differ-
ent continuous functions of the local damage d are presented in eq. 5.11 are applied for
the same model already calibrated in Par. 5.3.1 (Figure 5.6a).

By = 5D
B2=d B5=0.2(ifd<0.5) 511
Bs=-d*+d Bs=1.0if(d=0.5) :

B4 =-3d*+6d
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Figure 5.5: Force displacement plots (a) and damage profile evolutions (b) for dynamic analyses at velocities
from 1 mm/s to 5 mm/s using delay formulation of eq. 8 and parameters in par. 5.3.1
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Figure 5.6: Different functions for §: continuous (f1—4) and Heaviside function (f5)

According to the different functions and inherent slopes at a given damage d, the cor-
responding four curves are characterized by different damage rates, softening branch
slopes (Figure 5.7a) and damage evolution (Figure 5.7b). The flexibility of the new for-
mulation is further emphasized using a discontinuous function of d for 5. A Heaviside
function which presents a sudden jump in the middle of the damage evolution d is ap-
plied in the model (Figure 5.6b). This may correspond to a material response charac-
terized by a quasi brittle meso-structure that is dramatically weakened at a certain de-
formation level. This can result from a change of rate in the micro-cracks bridging pro-
cesses inside the material due to the specific properties of the mixture. According to the
depicted trend, curve 5 in Figure 5.7 initially shows a significant non linear response and
a distributed damage profile, before sudden failure with damage localization and a brit-
tle softening branch after crisis. The choice of the peculiar relationship for f depends on
the empirical evidence characterizing the material response in compression that in turn
results from its internal processes.

The enrichment in eq. 5.10 does not affect the mesh dependence regularization proper-
ties of the algorithm for all the proposed functions (Figure 5.8).

A NUMERICAL APPLICATION OF THE NEW FORMULATION

Correctly capturing the complete failure in compression is fundamental for non linear
analyses of masonry materials [36, 37]. The effect of the new formulation is tested in this
paragraph on the simulation of the dynamic failure in compression of masonry applica-
tions. For this purpose, the dynamic response of adobe is used as an experimental refer-
ence. Adobe bricks are commonly constituted by soil mixed with fibers and dried under
the sun. As a result, their behaviour in compression is usually characterized by a non-
linear response with ductile softening and a distributed failure pattern that progresses
during the entire deformation process, with the development of secondary cracks start-
ing after attainment of the main one.

A joint experimental campaign between Delft University of Technology, TNO, Dutch
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Ministry of Defence and European Commission performed uniaxial compression tests
on adobe samples at high rates of deformations [16]. Cylindrical samples of 40mm in
diameter and with unitary slenderness of an adobe brick with 20% b.w.fibers in the soil
mixture were subjected to displacement controlled analyses at a constant rate of 90mm/s.
The response of the samples was characterized by a more ductile softening slope and a
distributed pattern of cracks observed on the entire surface. These usually started before
reaching the maximum reaction force. At least two main cracks developing at different
moments of the test in softening of whom the first usually starting from one corner of
the specimen were observed during testing. A representative test is chosen as the exper-
imental reference.
For numerical simulation purposes, the constant loading profile experimentally applied
to the specimen by the displacement driven steel platens is directly extracted from the
test and applied at the top of the numerical setup. Boundary conditions are shown in
Figure 5.9. Axial symmetry is implemented in the model to simulate the 3D cylindrical
shape of the sample and only half of the brick is simulated and meshed with a 0.5mm
element size. Geometrical dimensions of the numerical sample are approximately the
same as in experiments.
To enhance consistency in the comparison of the effects of the new formulation, the
same set of hypotheses used in [13] to simulate the static tests on adobe are adopted. In
the following, only the main ones are recalled:
¢ For the Young’s modulus, the mean values of secant elastic stiffness experimentally

derived is used (E=40 MPa). Symmetry in the parameter in tension is assumed. A

0.1 value for the Poisson’s ratio is assumed [38]. In addition to the static hypothe-

ses, the average value of density found for adobe from tests (1100 kg/ m?) is used;

* The parameters of the modified Drucker Prager surface of eq.5.3 in Par.5.2 are
modified to include an inscribed Drucker-Prager smoothed version of Mohr Coloumb
failure in compression. The coefficient ¢; — ¢4 of eq.5.5 now are:

1

a= -2
= —L1—
220
o e (5.12)
3= a-2v)
oo V3
4= 2(+v)

in which the internal friction angle ¢=15° is chosen corresponding to organic soil
[39].

 For the damage initiation strains in compression, the mean value for the initial
deviation from linearity in the stress strain diagrams is used (koc= 2.5 e~2). Half of
this value is taken for the damage initiation strain in tension (k,;= 1.25 e~2).

* A mechanical defect, with damage initiation strain equal to 1 e~3, is imposed at
the corner of the specimen.

* The damage evolution laws in eq.5.7 are simplified in compression according to a
pure exponential law whereas in tension according to the linear softening charac-
terized by a steeper slope (a=0).
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Figure 5.9: Shape and geometry of experimental and numerical setup (a), with experimentally derived loading
history at the top boundary (b)

Asin [13], at first only the two parameters in compression (a, A) of the original formu-
lation in eq.5.8 (=1 in eq 5. 10) have been calibrated to match the maximum reaction
force and the corresponding displacement experimentally derived in the force displace-
ment curve by dynamic testing (a=200, =1, A=350). The best fitting numerical curve
and the corresponding failure mode are compared with the response observed in exper-
iment in Figure 5.10 (“original model”). As in [13], the numerical plot shows a brittle
slope in softening against the more ductile experimental response. Furthermore, the
corresponding failure mode is only recalled in the simulation, with a too large width of
the primary crack starting from the corner and a more localized damage distribution in
the numerical sample.

Next, the dependence of f on d as discussed in Par. 5.4.1 is fully integrated in the for-
mulation. In order to further test the flexibility of the model after § inclusion, the same
simulation is repeated using the set of parameters previously calibrated (a, A) and only
combined with the new dependency on f. After testing different functions with shapes
asin eq.5.11, alinear function of the type 8, =(r1 —r2) d + r» proves to be the best fit, with
r constant parameters calibrated as r1=0.2 and r,=1. The resulting curve and the corre-
sponding failure mode are compared again with experiments in Figure 5.10 (“enriched
model”).

Despite restrictions in the initial setup and hypotheses, after inclusion of the new func-
tion, the model is capable to correctly capture the ductile softening branch of response
experimentally observed. Furthermore, given the limitation of deterministic models to
correctly capture cracks that in adobe usually start from clay concentrations or fiber-
induced areas of de-adherence, the total extension of the numerical damage is larger
than before and more consistent with the area of the tested sample interested by cracks.
In addition, a localized primary crack starting from the corner followed by a second nu-
merical crack with branching now numerically resembles the progression experimen-
tally observed (Figure 5.11d).
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Figure 5.10: Force displacements and cracking patterns (at about 3 mm of deformation) comparisons with ex-
perimental results in compression at velocity of 90mm/s between best fit numerical curve using =1 (original
model) and f as a linear function of damage d (enriched model)
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Figure 5.11: F-d curves and failure pattern at step i=550 for different meshes using the original model (a-b) and
the enriched formulation (c-d)

As a confirmation of the findings in Par. 5.4.1, the formulation including the new depen-
dency preserves the feature of mesh independence of the original model (Figure 5.11a-b)
along deformation history, including the first stages of the non linear softening, where
maximum discontinuity in slope arises with respect to the original curve (Figure 5.11c-

d).
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5.4.2. CRACK PROPAGATION VELOCITY IN QUASI BRITTLE MATERIALS AND

THE NUMERICAL DELAY FOR RATE DEPENDENT ANALYSES

The amount of delay in the cracking process is numerically scaled by a factor A in the
model. For a given loading profile, it mathematically determines the maximum value
of damage rate. In the early nineties, bounded models introduced a cap to damage de-
pendent models (7, in the original formulation in [40]). This is consistent with assum-
ing a maximum velocity to crack propagation. In quasi brittle materials, many micro-
cracks coalesce into a dominant macro-crack propagating through the specimen at a
certain speed and orientation according to the mineralogical composition of the mate-
rial meso-structure [30]. Thus it is common practice in literature to attribute a constant
value usually calibrated in single tests of the dynamic regime to the numerical param-
eters that define the maximum failure rate [24, 41]. However, this property is not solely
determined by the mineralogical composition of the material. In quasi-brittle materials,
the rate of crack bridging is significantly influenced by temperature, moisture and load-
ing conditions, with the applied loading rate in particular [42]. In this regards, macro-
crack growth rate depends on the supply energy rate to fracture zone and increases with
increasing loading rate [43, 44]. Thus, a maximum damage rate D for a given loading ve-
locity applied exists but this numerical property must vary with the loading rate [40, 45].
This feature is integrated in the delay formulation of eq. 5.10 by introducing a direct
dependence between A and a function u of the applied strain rate. In fact, assuming a
constant value for the A parameter as in eq. 5.8 results in an unrealistic sensitivity of
the model when higher loading rates are applied. This is shown analysing the response
of the compressed bar in Par. 5.3.1 and loaded at increasing applied velocities, from a
quasi static constant rate (v;=1mm/s in Figure 5.13) to one and two higher orders of
magnitude (v,=10 mm/s, v3=100mm/s). Using the original formulation of eq. 5.8 (i in
eq. 5.13) on the model calibrated in Par. 5.3.1, numerical simulations show a high sensi-
tivity in the response to higher loading regimes (Figure 5.13a). In particular, a dynamic
increase factor in strength of 10 is achieved for a jump of two orders of magnitude in the
maximum velocity applied at the boundary of the bar (Table 5.1). Instead, experimental
values of the increment of strength in dynamics for the same dynamic ranges are usually
lower than 3 for quasi brittle materials [46].

Dependence of A on the loading rate is incorporated using a function p of the slope of
the Dirichlet boundary condition applied at each time step. Average strain rates are then
determined according to the selected geometry and loading direction. Three different
continuous functions as in eq. 5.13 have been tested. Linear, root and parabolic func-
tions have been tested to incorporate different viscous contributions in A (Figure 5.12).

Ho=1 ;
U1 =10""és+1

X 5.13
2 = 382 (5.13)
ps =10v/é

The sensitivity to rate inherent to the original model (u,) for all the material properties
is significantly limited at high strain rates by the functions y;_3 in eq.5.10. Dynamic in-
crease factor values at both velocities applied are now closer to experimental results for
quasi brittle materials dynamically tested [47]. This new dependence in the model in-
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Figure 5.12: Slope of the different rate dependent functions used in eq. 5.13 as 113

Table 5.1: Dynamic increase factors for the compressive strength, displacement at peak and ultimate displace-
ment in softening after 20 % of strength decay for velocity v» and v3 using pg—3 in eq. 5.13

DIFy, DIFy, DIFy,
v 2 [ 3| 2 3 2] 3
fo | 1.76 | 9.52 | 2.39 | 18.83 | 2.77 | 32.27
p | 169 | 510 | 229 | 9.68 | 259 | 16.25
fo | 173 [ 2.80 | 2.30 | 457 | 271 | 7.74
ps | 120 | 177 | 1.36 | 2.25 | 1.49 | 4.64

duces a specific material sensitivity to rate in the slope of the force displacement curves
of the bar loaded at increasing velocities according to the particular function used for u
(Figure 5.13). Thus, the dynamic increase factors in strength and deformation differently
vary in dynamics according to the influence that function u exerts on damage localiza-
tion determined by the maximum damage rate at a given strain rate (Table 5.1). Among
the tested functions, p3 is found to cause the most limited variation on the enhancement
of the dynamic material properties (Figure 5.13c-e).

Also in this case, the new dependence does not alter the regularization properties of the
model for any of the functions tested in eq. 5.13 and applied velocities (Figure 5.14).
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Figure 5.13: Force-displacement plots for v1=1 mm/s, v2=10 mm/s and v3=100mm/s using the original model
(a) and the three functions p1-3 (b), with plots of the dynamic increase factor in strength, displacement at

peak load and ultimate displacement based on linear interpolation
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Figure 5.14: Force displacement plots (a) and damage profile evolution (v,) (b) for four different mesh refine-
ments (10-160 elements) of the bar using p3 dynamically loaded
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A NUMERICAL APPLICATION OF THE NEW FORMULATION

Correctly addressing the dynamic rate of increment of the property of strength with re-
spect to its static value (dynamic increase factor) is of paramount importance for engi-
neering design of masonry against highly dynamic loadings [48]. Compression tests on
modern geomaterials in literature always indicate a certain increment in the unconfined
compressive strength of the material in the dynamic regime, included between 1.5 and 3
times the static strength for high strain rates loadings [35]. Strength increment rates for
quasi brittle materials are currently hypothesized mainly using analytical formulations
developed empirically from tests on modern cementitious materials with different prop-
erties and compositions than traditional bricks [47]. Many concrete modellers use the
widely accepted standard reference for concrete by Comite Euro-International du Beton
(CEB) [49]. The CEB recommends the strain rate induced strength increment formula-
tion for normal concrete as:

{ D.IF = (?)(1.026&)]00’,65 <3051 514

D.IE=y(£)% foré=30s"

where ¢ is the current strain rate in dynamics, €; is the reference static strain rate
(equal to 3 107°) and:

1

a=

/i

5+9(7) (5.15)
y= 106-156a—2

where fj, is a reference strength of 10 MPa. Instead, only few numerical applications
aimed at assessing the increment rate of this property can be found in literature [50].
The capability of the new delay formulation to limit the rate sensitivity in dynamics of
the original model and correctly addressing the rates of increment in strength experi-
mentally associated to masonry materials at higher strain rates is validated in this para-
graph. The effect of the new formulation for A in eq. 5.10 in the model of Sec.5.2 is tested
on the numerical simulation of the dynamic increase factors in strength at different dy-
namic rates experimentally derived for clay masonry bricks. To this end, the results of an
experimental campaign recently performed by the authors is chosen as a reference [16].
This was aimed to analyse the rate of enhancement of the maximum strength exhibited
by cylindrical clay samples baked in the oven and subjected to uniaxial compression
tests at three sequent orders of strain rates, from statics to high velocity impacts. Strain
rates of the order of 120 s~! were achieved using a Hopkinson bar. Thus, cylindrical sam-
ples with same geometry as in Sec 5.4.1.2 were uniaxially compressed at constant rates
of respectively 1 mm/min, 90 mm/s and 4200 mm/s. As a result of the experimental
campaign, a normalized strength of 2.5 MPa was derived in statics averaging the peak
reaction to load over the cross section areas. The average dynamic increase factors in
strength were consequently calculated after dynamic testing as circa 1.3 times the static
value for strain rates of 3 s~! and 1.8 for strain rates of 120 s~'. The experimental dy-
namic increase factors for the tested bricks lie on the lower region of the cloud of data
commonly associated to the dynamic performance of concrete. Therefore, models com-
monly used to design concrete in dynamics like the CEB model in eq.5.14 only hardly
address the dynamic trend associated experimentally to clay bricks (Figure 5.16a).
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Next, the numerical model is used to predict the variation in normalized strength ex-
perimentally observed for clay at all the different rates. A proper assessment of the true
material properties from experimental test data at high rates requires the evaluation of
the contribution of radial inertia and platens-specimen friction on the dynamic strength
enhancement. However, this paragraph is limited to reveal the functionality of the im-
plemented feature of i in the delay function against experimental trends recently found.
Therefore, the effects of friction or inertia on the experimental results are not quantita-
tively included in the numerical discussion.

Static tests using the model are performed on the setup of Figure 5.9. Similarly to the set
of hypotheses described in Par.5.4.1.2, the elastic properties of the model are taken from
the average values experimentally derived in statics for the clay bricks (p=1800; v=0.1;
ko,,,=0.6 e~2 and E= 135 MPa). Similarly, the parameters of the original delay of eq. 5.8 in
Sec.5.2 are calibrated to address the force and displacement coordinates corresponding
to the maximum reaction force experimentally derived in the test (a=108;b=0;A=6.0). As
aresult, the first point of the DIF plot numerically determined for the static regime in the
graph of Figure 5.16b (DIF=1) coincides with the experimental value.

With the set of parameters calibrated in statics, the model is used to perform numerical
simulations in the dynamic regime at the two different loading rates. For this purpose,
the average displacements histories are directly extracted from the laboratory tests at
both rates and applied on the model with same geometry as in test. For the intermediate
loading regime corresponding to an applied displacement rate of v=90mm/s, the same
setup shown in Figure 5.9 and used in Par. 5.4.1.2 is herein applied for simulations pur-
poses. In the case of high strain rate tests using the Hopkinson bar, the deformation rates
extracted from the reflected and transmitted waves experimentally derived as functions
of time are directly applied to <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>