
 

1 
 

 
RE-BUILT - O1 

 
 

 

 
 
  

 
 
STUDY ON COLLECTING AND REVIEWING WRITTEN RESOURCES THAT MAP THE KNOWLEDGE 
TRIANGLE FOR TRANSFERRING RESEARCH AND INNOVATION ON SUSTAINABLE 
REHABILITATION OF THE BUILT ENVIRONMENT IN CONTINUING EDUCATION  

 

 

 

Durability of sustainable materials and structures 
 

 

 

 

 

 

Authors :  

   Prof. Dashnor HOXHA, University of Orleans 

   Dr. Naima BELAYACHI, University of Orléans 

   Dr. Xavier BRUNETAUD, University of Orleans 

   Prof. Sébastien REMOND, University of Orleans 

    

 

 

 



 

2 
 

 
RE-BUILT - O1 

 
 

 

1. Introduction  

In the framework of  ERASMUS+ program KA2 – HIGHER EDUCATION STRATEGIC 
PARTNERSHIP entitled „Rehabilitation of the Built Environment in the Context of Smart City 
and Sustainable Development Concepts for Knowledge Transfer and Lifelong Learning” (RE-
BUILT), this study aims at giving a state of art and an analytical review of existing written 
resources mapping the knowledge triangle transfer on sustainable rehabilitation of built 
environment, more specifically in the field of durability of materials and structures. The durability 
of materials and structures as a research topic is in the same time an old trend and a new dynamic 
field of technical and scientific research. Nowadays this old research topic is placed in the 
framework of a sustainable development of society and is seen more and more not as a simple 
technical issue but also as an economic and environmental one. The main objectives of this work 
are to: 

1. Analyze, describe and establish where necessary the place of durability in the general 
framework of sustainability 

2.  Give un updated vision of bases of durability of materials and structures beyond the mechanical 
damage and ageing of structures, stability and failure 

3. Picturing the new trends on durable and sustainable materials for construction and renovation 
of infrastructures 

4. Presenting new trends and emerging technics on monitoring, evaluation of service state of 
infrastructures, estimation of life-time of infrastructures, renovation of infrastructures, 
preservation and restauration of historical buildings 

The methodology used for this work is a critical analysis of the abundant literature on the durability 
of construction materials and structures beginning with general overview articles on each domain. 
In nowadays modern approaches the durability of materials and structures is placed in the 
framework of a holistic approach of sustainability. Consequently, this review treats the problem in 
this framework including the sustainability of residential buildings, construction materials, new 
methods of monitoring and assessment of service state, design of new materials, conservation and 
restoration of historical buildings and life cycle assessment. The historical review of the durability 
is used in the first party of this study in order to explain the dominant material-based works in 
durability (durability of stones, concretes, steels, woods). While the most part of this review is 
based on the literature analyses, two particular points: bio-sourced new materials and holistic 
approach in conservation and restoration of stone’s historical buildings are treated more in local 
bases since they constitute some of principal research themes of the authors of this document. The 
durability being a research and a technological field with a reach history, in order to establish a 
concise document and yet a (as much as possible) full critical review, our literature research was 
concentrated on the scientific literature databases: Scopus, Web of Sciences, ScienceDirect as well 
as other peer-reviewed publications (conference/congress proceedings, open access referenced 
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journals). In the same time the normative materials (Eurocodes, Technical documents or 
guidelines) known and used by construction industry have been consulted in their on line version 
from AFNOR (French Agency for NORmalization https://www.afnor.org/) but the English 
references are cited. And finally, some worldwide known websites with scientific, technical or 
social contents were consulted and cited here. Most of the time the English resources are selected 
and analyzed, even if the original works could be in other languages (few French documents are 
exceptions of this rule). While many aspects of durability will be discussed in details in this 
document, the sustainability questions are only present in its first part. A good initial point for 
sustainability related literature would be these, always up-to-date, web sites 
https://sustainabledevelopment.un.org  and http://www.fondation-2019.fr  that authors suggest to 
interested reader..  

2. Durability versus sustainability, place of durability in sustainable development 

While the word “durability” is simple to use, the concept of durability is often more difficult to 
define ([1], [10]), and  different authors might not mean exactly the same thing when using the 
same word. Misused sometimes in everyday language as a synonym to the “sustainability” the 
durability concept is limited to only the longevity of a given product, its ability to remain functional 
(without excessive maintenance), under normal conditions of use, i.e. the conditions it has been 
designed for.   
Basically when dealing with sustainability two approaches are distinguished: “the weak 
sustainability”  postulates   the   full substitutability of natural capital whereas the strong  
conception  demonstrates  that  this substitutability should be severely limited  due  to  the  
existence  of  critical elements  that  natural  capital  provides  for human  existence  and  well-
being” ([1] , [2]).  It is clear however that, whatever, weak or strong sustainability is adopted, it 
involves three aspects: economic, social and environmental. It promotes an approach of society 
development at present such that any of these three dimensions is not compromised for the next 
generations. Since 1990, Daly ([6]) defined the criterion for an economic or material flux  to be 
considered as sustainable : 

- The consumption rate of renewable resources should not exceed the rate of regeneration of 
these same resources  
 

- The consumption rate of non-renewable resources should not exceed the rate of developing 
of renewable resources that could substitute these resources 
 

- The rate of pollution issued by use of any resources should not exceed the capacity of the 
nature to assimilated this pollution  

 
This vision of sustainable development, implies in particular that the longevity (durability) of 
materials and structures should match these economic and environmental exigencies. The way this 
matching could be done, the tools and methods for evaluation of the ability of an infrastructure to 
satisfy the objectives it is constructed for, the technics to protect or to extend the life of structures, 
to renovate them … are some central topics on durability.  
The main topic on durability in Civil Engineering has been, for longtime, design and selection of 
durable constructive materials (i.e. constructive materials that could assure mechanical stability of 
civil engineering structures). With time, and because of recent economic challenges, the domain 

https://sustainabledevelopment.un.org/
http://www.fondation-2019.fr/
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of interest of durability in civil engineering has continuously enlarged and enriched including 
nowadays various fields such as building physics and hygrothermal behavior of construction 
materials, durability approach for historical and old buildings, service life prediction 
methodologies based on big-data analyses. ([??], [??]). There is not only a natural extension of the 
topics covered by the durability, but also a shift of the principal domain of research. At least two 
major societal facts have conditioned this shifting:  
 
Firstly, the increasing pressure from the civil society to minimize the anthropic impact on nature. 
Having long-life materials or structures is not anymore sufficient, the mechanical stability of 
infrastructure is not anymore the only, neither the principal criterion of limit design approach and 
life service prediction of structures. Well-being, thermal comfort, air quality, health impact … 
become major criteria on building design in top of mechanical stability ([11], [12]). Consequently, 
the life of a building is not anymore equivalent to its mechanical life and durability science is now 
opened to the physics of buildings and complex thermo-hydro-mechanical coupled processes that 
it is governed by.  
 
Secondly, the massive development of numerical technologies (ongoing numerical revolution) 
leads to cloud connected data-bases and relevant numerical technics for their treatment. In 
particular BIM technology and Artificial Intelligence appear today as unavoidable and very 
powerful tools in analyzing complex situations in diagnostic, monitoring and renovation ([13], 
[14], [15]). An important feature on recent developments in the field that has been possible due to 
the extensive use of numerical tools is the interoperability among technical concepts of durability 
and other concepts of sustainability: specific tools are developed in order to give the durability its 
place in general framework of sustainability including in the assessment of performance of 
materials and/or structures also the capacity to be recycled and the possibility of resource 
renovation ([5], [14], [16]).) 
 

3. Advanced durability on the frame of sustainability: Brief historical review of 
fundamentals of durability and recent trends 

While the estimation of the duration of the life of structures has always been a question raised from 
constructors and users of all times from the very beginning of history of humanity (when the man 
moves from occasional shelters and caverns towards more permanent habitations), The answer has 
progressively evolved and modernized. During historical times this answer was given in terms of 
techniques and construction materials that procured to buildings (castles, religious construction, 
artworks) and infrastructures (mainly bridges and roads) the longest life possible. Some of the 
most famous constructions that went through history are here witnesses of human genius to 
capitalize the experience cumulated by generations even though a scientific response of the whole 
problem is yet to be found.   

In the earlier works, the durability of structures (and materials constituting these structures) was 
posed as a simple question of the life time of a damaged structure before its (mechanical) failure. 
A damaged structure/material in this context was just a structure/material with (mechanical) 
degraded properties as compared to the properties of healthy state of this same structure/material 
([25], [26]). The origins of durability science are closely linked to those of failure mechanics whose 
bases were founded with studies on crack growth and failure of structures performed in the early 
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20th century, by Inglis and the theories for crack propagation by Griffith and Irwin ([30], [31], 
[33]). Moving away from classical mechanical design approach considering that the failure of a 
structure comes as soon as the applied stress is higher than a limit stress, identified in laboratory, 
these works introduced an energetical approach establishing the conditions for which a defect in a 
material could lead to unstable crack propagation in brittle materials. The stress intensity factor 
(SIF) and the critical stress intensity (KIC, known also as an intrinsic property of a material called 
toughness or tenacity) become tools for life length estimation and risk failure assessment of 
structures. 

The crack propagation researches on brittle materials were gradually adopted, adapted and 
extended to other classes of materials (ductile, heterogenous, fibrous, composite materials), in 
various loading conditions (various mode of crack propagation, modes I, II, and III as well as 
mixed modes) including, in fine, the effect of the structure (characteristic length of the structure) 
on the rate of crack growth ([31]). The phenomenon of subcritical crack growth, extensively 
studied from the middle of the last century, with the works of Paris, Atkinson and many other 
researchers makes it possible to understand and explain the failure of structures under loads lower 
than critical ones, when these loads are maintained for some periods of times ([34], [35]). Fatigue, 
crack evolution, and failure due to cyclic loadings even under lower stresses as compared to yield 
stress of materials, were studied almost in the same time than the subcritical crack growth. The 
well-known theory of fatigue developed by Paris ([36]) and various other models/theories 
developed since, have definitely transformed the design approach not only on mechanical industry, 
but above all, the approach design of civil structures.  Remarkably, research works in the field 
have demonstrated the notable impact of environmental conditions on the rate of crack propagation 
constituting the bridges with new research domains: thermo poromechanics, multiphysics 
coupling, design of composite materials, nanomaterials, additives, and so on (see § 4).  

The intensive use of man-manufactured materials in constructions such as various metallic 
materials (steel and aluminum for example just to mention the most widespread among them), 
concretes, composite materials and so on, brought the question of the durability of materials and 
structures in the domain of material conception and reuse: how to design the structure and micro-
structure of material in order to fulfil specific requirements in terms not only of the mechanical 
stability of structures but also, more and more in terms of comfort, economy, ecological footprint 
and reuse. In the practice of civil infrastructures and building design the limit design approach 
includes norms for both Serviceability Limit State (SLS) and Ultimate Limit State (ULS) ([37], 
[42]).  It was widely accepted that the long-term behavior of structures is closely related to the 
time dependent behavior of materials constituting the structure (they could manifest a brittle or a 
viscous behavior depending on the micro mechanisms governing at microstructure level), their 
interaction with the environment and the conditions of use. For years now, the studies in durability 
are mostly material-driven: worldwide scientific and technologic networks deal with the durability 
of concrete ([39]), steel ([56]) , stones ([55]).  

Nowadays, the durability of materials and structures is an everyday-evolution-perimeter field of 
scientific research and engineering applications with complex interactions to many other scientific 
and technical disciplines such that it could be, first of all, defined as a multidisciplinary activity.  
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Among modern trends on durability one could point out the most dynamic ones that shape the 
nowadays image of scientific and technological research and covers the whole life of a structure 
from its design to its recycling: 

- Design of green, high performant, locally adapted, recycled, bio-sourced, low carbon 
new materials as a response to the rarefication of raw materials, climate change and social 
worldwide promotion. From the durability point of view, these materials reveal a double 
challenge: in one hand that of technics for the assessment of the durability of these non-
conventional materials and on the other hand that of long-term compatibility of these 
materials with traditional materials co-used in construction. ([53], [54], [19], [20], [21], 
[12], [10], [11], [7]) 
 

- Developing of modern technics for continuously, in field, monitoring of materials and 
structures state evolution, for durability assessment and maintenance of buildings, expert 
systems for structural, thermal, hygrothermal and aeraulic evaluation, numerical technics 
for restoration and retrofitting including artificial intelligence (AI) ([51], [52],[50] , [48], 
[10], [11],[20], [44]).  
 

- Holistic approaches in design, maintenance, restoration, reuse of materials for buildings 
and infrastructures. While infrastructures and buildings are seen as essential for mankind, 
they impact and contribute to environmental degradation, including air, water and land 
pollution, localized health issues and resources depletion ([57]). The durability in 
constructions becomes a part of the global problem that should be resolved as a whole in 
the framework of sustainable buildings and infrastructures.  These approaches express a 
design philosophy that strives to enhance effective resource efficiency, and reduce negative 
impacts on human wellbeing and dignity, in a cost-effective manner ([57], [58], [59]).  
 

4. Environmental impact on durability of materials and structures 

The concept of loads, used in normative way in structural design, expresses the (mechanical) 
interaction of a structure with its environment. Various norms and standards have been 
established in various parts of the world to harmonize the quantification of this interaction 
(Eurocodes, ASTM, and so on). Following these approaches, the environmental impact and its 
evolution in time are established following some consensual guides governing all design 
processes of structures and eventually their evolution state. For example, wind and/or snow 
loads are counted for, in engineering european practice using the guidelines of Eurocodes 
([37],[42]), through so called characteristic values. However, the impact of environment on the 
durability of materials and structures is much more complex and determinant that the 
mechanical impact given in these standardization codes and guidelines.  From a theoretical 
point of view, poromechanics theory developed from the middle of last century and most on 
these last decades, gives a solid framework to treat these interactions ([26], [27], [[28], [60], 
[61]). Without going in the details of the theory some outstanding outcomes and consequences 
are discussed here after. The most distinguished feature of this theory is the mutual impact on 
the overall response of a material, of its solid matrix, fluids that fills its porous space and the 
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state of each phases constituting the material. The fluids filling the pore space and solid matrix 
interact to each other mechanically, thermally, chemically, leading to an evolution of the 
material and structure, eventually to its ageing and definitely impact its durability. 

Within the range of temperatures to which construction materials, buildings and civil 
engineering infrastructures are exposed (much lower than the fusion temperature of materials), 
the environmental  thermal conditions impact on the durability is manifested, at least, in three 
ways : 

-  Firstly, through the strains/stresses generated from the variation of temperature. In the 
simplest form, the free thermal strains are related linearly to the variation of the temperature 
through the thermal expansion coefficient ([60], [61], [65] ). Where the thermal strains are 
partially or fully obstructed stresses,  whose amplitude depends also on the mechanical 
properties of the material, are generated   

- Secondly, through the fluctuations of stress/stress in the time. In fact, in the long times, 
when a structure is submitted to fluctuations of temperature due to environmental thermal 
changes - convection, diffusion, radiation, , the local stresses at least up to some depth of the 
surface, are also susceptible to fluctuate, because of the mechanism of thermal expansion cited 
before. These fluctuations could lead to the decay and failure of the materials and structures 
through a mechanism of thermal fatigue ([26], [27], [62], [64], |65], [66]) 

- Thirdly, the temperature could significantly impact the rate creep of all materials, 
especially the construction materials. The most known mechanism through which this impact 
performs, is the decrease of activation energy of slip lines where the temperature increases 
(known as Arrhenius law), leading to higher rates of creep ([41], [66]). In the same way the 
temperature increase leads to modification of the rate for critical and subcritical crack growth, 
impacting so directly the life duration of a given structure. 

The impact of temperature in the case of porous media (most of geomaterials used in 
constructions – stone, concrete, wood, and so on) is a more complex phenomenon, some 
aspects are treated later on this document. 

Hygro - ( and more often hygrothermal ) impact on the durability of materials and structures 
is known for a very long time now. However, the complexity of the problem is such that, 
nowadays, the field is a domain of intensive research. Although (?) the impact of nonreactive 
wetting fluids, saturating the pore space of a material, could be taken into account through the 
effective stress concept, even if the definition of this concept itself is yet an open question 
([60], [62],[63], [64]), the mechanisms of hygrothermal impact on the durability of materials 
and structures are multiple: 

-  Firstly, when the wetting fluid (most of the time water) fills only part of the pore space, 
then a capillary meniscus is formed governing the equilibrium of fluid pressure in the pores. 
Since, in the framework of perfect gases, the capillary pressure (capillary pressure is the 
difference between the air pressure and fluid pressure) is linked to relative humidity (Kelvin’s 
law), the evolution of the humidity in the environment where the structure is found leads also 
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to the evolution of the “effective stress” (much the same as when the temperature fluctuates). 
It should be noted that these effective stress fluctuations are produced on the top of all other 
dead and live loads and could significantly shift the equilibrium working point of the structure. 
Then a fatigue like mechanism is geared up affecting the durability of the structures ([26], [28], 
[35], [38], [62], [63], [64]).  

- A second way through which hygrothermal state would impact the durability of a material 
(and by this way the durability of a structure) is the modification of its physical and mechanical 
properties: a significant decrease of the strength and Young’s modulus when the humidity 
increases is reported by many studies in a great number of porous materials. In some stones 
for example the strength is decreased by 40% in the range of in-field humidity variations ([45], 
[62], [64], [65], [69]). The impact of the humidity in the subcritical crack rate growth was also 
indicated since the very first works ([34], [36])  

- A third way through which the hygrothermal state of a material and structure would impact 
its durability is the creation of favorable conditions for chemical and biological activity on/into 
the structure. In fact, some ranges of humidity are very favorable to the birth and developing 
of various kinds of dissolution/precipitation mechanisms or even growth of (micro)organisms 
and generally biological activity, either in the pores of the material or on its surface ([50], [68])  

When the question of the impact of environmental conditions on the durability of materials 
and structures is discussed, the very first factor that comes insight is the chemical interactions 
of the structure with surrounding environment. These factors clearly are activated or not in 
function of the environmental conditions AND the constituents of the material. Without being 
exhaustive on this point, some typical chemical interactions that play a crucial role on the 
durability of materials are shortly commented here : 

- Oxidation-reduction reactions: the main concern of these interactions is the oxidation of 
steel components of structures. The corrosion could affect dramatically the durability of steel, 
reinforced concrete, pretension cables, mixt structures and so on ([26], [56], [71]). The 
oxidation has at least two consequences on the durability of the structures that suffered from it 
: the corrosion products replacing the initial steel have an almost nil strength, such that from 
some levels of oxidation the stability of the structure is compromised (?); the products of 
oxidation have a specific volume higher (2 to 3 times) as compared to the volume of the steel 
itself – such that a spalling of concrete would happen around corroded rod of reinforced 
concretes structures. The other type of metallic structures (aluminum, stainless steels) are also 
concerned by this kind of chemical interaction, even if the rate of oxidation is lower than 
normal steels. While all possible precautions on protection of these structures from corrosion 
are taken in the design phase of the structures (for example by coating the elements with non-
oxidant material, or by creation of an electric potential preventing oxidation) the technics of 
assessment of the oxidation state and repairing of these structures are also a topic of perpetual 
development ([46], [56], [71]). In normal conditions, the alkalinity of concrete (pH around 13) 
prevents steel from corrosion. However, at lower pH levels, steel attains a high corrosion 
potential. The development of active corrosion in reinforced concrete results from two 
mechanisms: chloride diffusion in concrete and carbonation of concrete. The common feature 
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of these two mechanisms is the diffusion of external agents through the pores. Both 
mechanisms are of great concerns especially for maritime and off-shore structures.  

- The dissolution, mineralogic transformations, and crystallization of new minerals in pores 
of the materials constituting structures: this physicochemical process is enhanced by the fluid 
saturating the pores of materials that have a high dissolvable potential (limestones for 
example). The anions of dissolved material could be combined with cations (???) dissolved in 
the saturating fluid to eventually create some new minerals. In the case of limestones for 
example the Ca++ anions are combined with SO4— that could come from the polluted in SO2 
atmosphere ([55], [61], [70]). Crystallization of new minerals in one hand modifies the 
mechanical properties of the structure, and on the other hand could sometimes be associated 
with so-called crystallization pressure, thought to be responsible for crack initiation from pores 
when crystallization takes place. 

While thermo-hydro-chemical interactions of the structure with surrounding environment are 
cited here separately in reality they take place in the same time and in many cases by 
amplifying the impact of each other. For example, in a saturated porous medium, temperatures 
below the freezing temperature, could lead to cracking of the material, up to its complete 
failure, by a combination of retraction of material (due to negative variation of the temperature) 
and crystallization pressure generated by the formation of ice. Likewise, the high temperature 
could enhance the diffusion in porous media (because of reduction of the superficial tension of 
fluids) leading to the acceleration of the oxidation process in concrete as described above. 
These multiphysics coupled phenomena call for appropriate multiphysic approaches for 
characterization of their impact ([26], [27], [38], [39], [44], [51], [66], [60]). 

5. Stonework structures durability: assessment of state of historical buildings, monitoring, 
maintenance and restoration  

The historical building (in many cases stonework structures and masonry) are object of interest 
not only from cultural heritage and economic point of view, but also from scientific and technical 
point of view especially for durability studies ([28], [45], [55], [72], [74]). Many of technics cited 
hereafter, could be used for other type of structures  

The first step of the stonework diagnosis is the state of structure report, which aims at detecting 
and documenting the state of degradations [68][70][75]. Are qualified as degradations all 
alterations that from some historical and sociological criterion are not tolerated and considered to 
be a damage of the material or its appearance. 

So not all changes in terms of aspect and/or properties imply degradation. The development of a 
patina, for example, generates a surface hardening, a local decrease in water transport properties, 
and usually a slight color change. However these induced changes are rather beneficial to the 
durability of the masonry, and could be considered as roughly uniform for all stone. Hence, patina 
may not be considered as degradation although it is actually an alteration. Likewise alterations that 
are exclusively aesthetic, such as soiling or certain biological colonizations, may also not be 
considered as degradations. The state report shall denominate thes alterations and their extent, so 
as to detect a progression by comparison between two different temporal states. For this 
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comparison to be reliable, it is essential that each report be made with the same rigor. Various 
technics for characterization and quantification of degradations could be used, the most frequently 
used in practice are briefly commented here 

A. Visual observations of degradations 

This inspection is currently unavoidable because the criteria for classification of stone 
degradations, documented and classified in an illustrated glossary ICOMOS [55], are based 
exclusively on the appearance of the surface of the stone. This inspection requires a close to surface 
view and observations from several angles which could be an operational problem  for masonry in 
elevation, above moats, or masks. Nowadays the use of drones makes it easier to observe hard-to-
access facings at a low cost. Still several overflights should be undertaken not only to detect 
degradations through photos, but also to have photos from various angles in order to  to specify 
the nature and intensity of those degradations. 

B. Photographic survey 

The photographic survey remains today the most common and the simplest solution to be applied 
to document the state of degradation of masonry facings.  In order to produce metric mappings, ie 
on which reliable quantitative measurements can be made, the mapping medium must be free from 
any distortion or perspective effects. Such a mapping medium cannot therefore be simple photos 
and should be treated using various technics  such as for 3D models or orthoprojections [70][87]. 

Orthoprojections are produced by projecting a 3D model onto a primitive surface such as a 
reference plane or cylindrical surface. They therefore correspond to an orthographic view (to be 
opposed to a perspective view), that is to say that every point of the resulting image comes from a 
ray perpendicular to the observed surface, much the same as architect plans or  elevations, but it 
reflects the appearance of the surface as a photograph or a laser scanner can appreciate it. It can be 
realized by a terrestrial or aerial photography, or a laser scanning survey, or a combination of both, 
generally supplemented by a topographic survey and geolocate data, and provide a scale if no laser 
survey is performed. The resulting orthoprojection can then serve as a cartographic support for 
informing the health status of the masonry walls. The use of primitive surfaces to store 
conservation data into a collaborative interface represents the first attempt to create a HBIM 
(Heritage Building Information Modeling) [85][86]. 

Since, orthoprojection does not allow to observe the 3rd dimension and because some degradations 
could evolve in depth in the same time or independently to their extension on the surface, it may 
be relevant to store and use locally the raw 3D model obtained from laser scanning or the one used 
to perform orthophotography to spatially compare different temporal states.  

C. Non-destructive characterization 

The only observation of the external aspect of a masonry facing cannot suffice to ensure the 
reliability of a health diagnosis and characterization of structures state by nondestructive technics 
is nowadays a common practice  ([77][78])., These technics complete the purely external visual 
control by quantifying mechanical and physical properties of the sub-surface. They allow in 
particular to appreciate the extent of desquamation beyond its limits visible to the naked eye  
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These technics could be as simple as the “knock test”, consisting to evaluate the state of stone 
using the different sound produce when one knocks to its surface to more sophisticated ones ([82]) 

Among the more inexpensive technics, the application of which requires direct access to the 
surface tested, are the electrical resistivity profiling and the hardness tester. The electrical surface 
resistivity measurement by tip is generally used in a comparative manner within the same material 
to differentiate wet areas from dry ones [83][84]. The hardness tester, estimates the local hardness 
of a stone and makes it possible to evaluate its state relative to other measured points [79] If an 
analog material calibration in the laboratory has been previously performed, this test can become 
quantitative. Compared to the concrete hardness tester, the lower rebound energy allows it to be 
used on softer materials, but also limits its study area to a much lower depth. Although considered 
non-destructive, the tested surface may, to some extents, damage its surface appearance. Because 
stones and mortars generally exhibit a decrease in hardness as moisture increases, variations in 
electrical resistivity and hardness measurements as a function of moisture changes may exhibit 
some degree of correlation. 

Portable spectrometry analyzes powders from a stone placed on a dedicated strip to identify and 
quantify certain chemical elements [82]). Nowadays the test could be performed using a 
smartphone equipped with the ad hoc accessory. Although the collection of the powder to be tested 
can be considered as destructive, the small quantities of powder required for a test make it possible 
to put into perspective and often to classify this technique among the non-destructive control.  

Karsten's tube measures the water flow time through the surface of a tested stone [81]. This 
measurement, which requires direct access to the surface tested, is therefore well correlated with 
the transport properties of the stone. 

The microdriller, which consists in measuring the drill resistance of a drill according to the depth, 
makes it possible to generate a resistance profile of the tested material in situ. Thus, this drilling 
test is to be placed in the control rather nondestructive than really nondestructive. However, the 
hole generated by the drill (diameter between 3 and 5 mm and max length 5 cm) is small enough 
to be plugged by a thin mortar which must allow to recover the initial surface appearance. This 
test makes it possible to reveal induration profiles [80] or, conversely, damaged areas, provided 
that the piercing device can be perfectly maintained and produce noise-free measurments. 

Infrared thermography (IR) is based on the measurement of infrared radiation emitted by an 
observed surface. This radiation depends mainly on the temperature of the object, which allows 
this technique to generate a temperature map of the observed area. It is then possible using obtained 
temperature map to highlight areas of thermal heterogeneity such as thermal bridges, or damaged 
parts of a structure that for some reasons manifest a thermal difference ([76]). For the same 
environmental conditions, stones of different thermal properties also have distinct surface 
temperatures so the IR thermography could help to distinguish stones of different nature on a 
façade. 
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6. Sustainable materials for construction and renovation of infrastructures and 

buildings 
 

The renovation of buildings and infrastructures is a process conditioned by many technic and 
socio-economic factors. The choice of materials to be used in the restauration of historical 
buildings is mostly guided by historical, ethical and cultural considerations. However, in the 
renovation of urban buildings, this choice, certainly constrained by socio-economic 
considerations, is strongly impacted by technical considerations. As an example, all urban 
renovations today are subject of strict requests on energetical performance increase as well as on 
grey energy reduction [87]. In France, a third of the housing stock is concerned by this thermal 
renovation [88]. One of the objectives of the Energy Transition Act is to renovate 500,000 homes 
per year by 2050. Consequently, the regulations provide a framework for improving energy 
efficiency, determine the performance to be respected during insulation work, and encourage the 
use of materials and equipment that respect the comfort and health of the occupant.  

In another aspect, the construction and renovation of public infrastructures is also concerned by 
the smart choice of materials since this sector, a big consumer of raw materials already, will 
increase its consumption of materials to 100 billion tonnes by 2030 [90]. Meanwhile, the access to 
non-renewable raw materials has become increasingly limited, calling for urgent solutions and 
new alternatives. Among the best sustainable alternatives, recycling of industrial waste and by-
products (slag, foundry sand, etc.), materials from deconstruction in the building sector, or 
agricultural co-products, are already developed worldwide to various extents. 

In France, for example, a "Low Carbon Building Renovation" label was introduced in the first half 
of 2018 [91] aiming to reduce CO2 emissions by half compared to the original building taking into 
account the carbon storage capacities of constructions ([80]).  

Consequently, there has been growing interest in the development of eco-materials for the energy 
rehabilitation of old buildings [21]. Numerous works in the literature have been performed on 
materials with low environmental impact by using different vegetal aggregates and binders [8, 19, 
20, 93, 94, 95]. Various types of natural fibres are used, depending on the biomass production and 
climate of regions and countries in the world. An increasing range of plant by-products properties 
are being studied in order to obtain a wide variety of aggregates for vegetal concrete purposes. 
Reviews of the availability of vegetal aggregates have been reported in countries such as Spain 
[96], France [97], UK [98] and more globally in the world [99], as creating local industries with 
materials made with crude earth and vegetal aggregates is an objective in many different parts of 
the world [100, 101]. Other advanced research has shown that it is possible to produce high 
performance natural fiber composite based clay matrix [102], cement [103, 104] and lime or 
polymer matrix capable of meeting any engineering demand in terms of strength and energy 
absorption capability [106, 107]. The choice of the binder type in this application is of great 
importance and complexity. The binder must comply with an easy mixing, a perfect coating of 
fibers, a correct molding and a final composite with good mechanical properties. A number of 
authors agree that hydraulic binder can produce unacceptable results in the case of hemp-based 
composite [108, 109]. However, other results show that mixtures with higher ratio of cement have 
higher compressive strength [110]. Several investigations have been performed to study the effect 
of humidity and temperature on the one hand on thermal conductivity [112] and on the other hand 
on equilibrium moisture content [113] of coating plaster used for straw bales construction. The 
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results indicate that the thermal conductivity of the coating plaster decreases with increasing fibre 
content. 

  In the context of building insulation, other researchers have been interested in evaluating the 
developed materials with in-situ tests under environmental climatic changes in order to ensure 
effective implementation in the real case [113, 114, 115, 116], or by using accelerated aging 
conditions in the laboratory [11, 104, 1118, 119]. It is also important to study the implementation 
of rehabilitation that makes possible to preserve the building identity and its history [7, 120, 121]. 

Despite the growing interest in this type of materials and the recognition of their thermal, water 
and comfort performance [21], their use remains hampered by the absence of a normative 
framework and implementation rules specific to these materials to move towards a control of their 
use and their durability. For some materials/technics (hemp block for example) several technical 
recommendations [22, 23], implementation guides and technical data sheets are already in use in 
the artisanal and industrial practice. The situation is however more disparate for other bio-
resourced materials with a level of integration quite different for one material to another or even 
from one country to another. 

6 Conclusions 

The durability of materials and structures is still nowadays a dynamic field of scientific and 
technical research and of permanent industrial innovation. The sustainability as a societal approach 
has however greatly modified and extended the principal fields of application of these researches. 
In the design of new materials and structures or in renovation of existing ones the criteria of 
evaluation of durability of materials end structures are not any more exclusively mechanical.  
While traditional topics such as fracture mechanics, time dependent behavior, interaction of 
materials and structures with environmental factors such as temperature, humidity, chemical 
reactive agents, are in continuous development and take advantages from numerical progress, new 
trends occupied nowadays the center of durability research and technological progress : design and 
of new green sustainable materials, multicriteria assessment of their durability, reducing of raw 
materials in use and replacing with recycled and renewable ones. The technics for assessment of 
state of structures evolve too and include nw, along with traditional technics of diagnostics new 
nondestructive technics that are called to be reinforced and developed in the future. 

 
References 

 
1. SDKP, Sustainable Development Knowledge Platform (2019). Retrieved October 01, 2019, 

from https://sustainabledevelopment.un.org/  
2. Jérôme Pelenc, Tom Deduerware (2015) Weak Sustainability versus Strong Sustainability, 

DOI: 10.13140/RG.2.1.3265.2009 
3.  European Commission (2012). Life cycle indicators for resources, products and waste. Report 

by the Joint Research Centre of the European Commission. Luxembourg: Publications Office 
of the European Union. 

4.  FUNTAS G., POLETTE M., RYE T., TISCHER V., (2019) Environmental and economic 
assessment of traffic-related air pollution using aggregate spatial information: A case study of 

https://sustainabledevelopment.un.org/


 

14 
 

 
RE-BUILT - O1 

 
Balneário Camboriú, Brazil , Journal of Transport & Health, Volume 14, September 2019, 
100592 

5. LEONARD A., LIMBOURG S., MERCHAN A.L., MOSTERT M (2019) Life cycle 
externalities versus external costs: The case of inland freight transport in Belgium, 
Transportation Research Part D: Transport and Environment , Volume 67, Pages 576-595 

6. Daly H.E (1990) Toward some operational principles of sustainable development, Ecological 
Economics, Volume 2, Issue 1, April 1990, Pages 1-6, https://doi.org/10.1016/0921-
8009(90)90010-R  

7. Belayachi N, Boulnois J.,, Hoxha D (2017) Réhabilitation thermique d’une maison d’habitation 
en utilisant le biocomposite béton-paille. 35ème Rencontres Universitaires de Génie Civil, 22-
24 Mai 2017, Nantes 

8. Broard Y, Belayachi N, Hoxha D,  Ranganathan N., Méo N. (2018) Mechanical and 
hygrothermal behaviour of clay-sunflower (Helianthus annuus) and rape straw (Brassica 
napus) plaster bio-composites for building insulation. Construction and building materials. 
161, 196-207,  

9. S. Siegesmund, R. Snethlage (eds.),  (2014) Stone in Architecture, 4th ed. Springer-Verlag 
Berlin Heidelberg, DOI: 10.1007/978-3-642-14475-2_1   

10.  Eco-efficient Masonry Bricks and Blocks, Design, Properties and Durability (2015)  Ed. F. 
Pacheco-Torgal, P.B. Lourenço, ... P. Chindaprasir, Woodhead Publishing, ISBN 978-1-
78242-305-8, 548 pg,  https://doi.org/10.1016/C2014-0-02158-2 

11. Belayachi N., Hoxha D., Slaimia M. (2016) Impact of accelerated climatic aging on the 
behaviour of gypsum plaster-straw material for building thermal insulation. Construction and 
building materials. 125, 912-918, 2016 

12. Pacheco  F., Jalali T. S. (2016) Ecoefficient construction and building materials, Spring 
Edition, ISBN 978-0-85729-892-8, DOI:  https://doi.org/10.1007/978-0-85729-892-8    

13. Joblot L. (2018) Contribution à la mise en œuvre du BIM en rénovation :Proposition d’un 
Modèle de Maturité BIM spécifique, Ph.D. Ecole Nationale des Arts et Metiers ENSAM  (in 
french) 

14. Volk R., Stengel J., and Schultmann F. (2014). Building Information Modeling (BIM) for 
existing buildings: Literature review and future needs, Automation in Construction, vol. 38, p. 
109-127 

15. https://www.ademe.fr/sites/default/files/assets/documents/fiche-ravalement-refection-toiture-
amenagement-travaux-isolation.pdf 

16. PAVANELLI D.D., VOULVOULIS N. (2019)  Habitat Equivalency Analysis, a framework 
for forensic cost evaluation of environmental damage,  Ecosystem Services, Volume 38, August 
2019, 100953, https://doi.org/10.1016/j.ecoser.2019.100953 

17.  HE G., LI J., TAM V.W.Y., WANG G., ZUO  (2019) Stakeholders’ willingness to pay for the 
new construction and demolition waste landfill charge scheme in Shenzhen: a contingent 
valuation approach, Sustainable Cities and Society, https://doi.org/10.1016/j.scs.2019.101663 

18.  M Bouasker, N Belayachi, D Hoxha, M Al-Mukhtar (2014). Physical Characterization of 
Natural Straw Fibers as Aggregates for Construction Materials Applications. Materials, 7 (4), 
3034-3048,. 

19. N Belayachi, M Bouasker, D Hoxha, M Al-Mukhtar (2013). Thermo-mechanical behaviour of 
an innovant straw lime composite for thermal insulation applications. Applied Mechanics and 
Materials 390, 542-546.  

https://doi.org/10.1016/0921-8009(90)90010-R
https://doi.org/10.1016/0921-8009(90)90010-R
https://doi.org/10.1016/C2014-0-02158-2
https://doi.org/10.1007/978-0-85729-892-8
https://www.ademe.fr/sites/default/files/assets/documents/fiche-ravalement-refection-toiture-amenagement-travaux-isolation.pdf
https://www.ademe.fr/sites/default/files/assets/documents/fiche-ravalement-refection-toiture-amenagement-travaux-isolation.pdf
https://doi.org/10.1016/j.ecoser.2019.100953
https://doi.org/10.1016/j.scs.2019.101663


 

15 
 

 
RE-BUILT - O1 

 
20.  Ismail B, Belayachi N, Hoxha D (2018), Optimisation de la performance thermique d’un bio-

composite à base de fibres végétales : étude expérimentale et numérique. Conférence 
Internationale Francophone NoMaD 2018, Liège Université 7-8 novembre 2018. 

21. Amziane, S.; Arnaud, L.; Les bétons de granulats d’origine végétale: application au béton de 
chanvre. Edition Lavoisier, Paris, 2013, ISBN 978-2-7462-3809-1. 

22. https://www.vicat.fr/content/download/91008/838050/file/CP_BIOSYS.PDF 
23. https://www.biofib.com/files/BIOFIB_TRIO-Avis_technique_CSTB_Murs.pdf 
24. 25] LEMAITRE  J.,  CHABOCHE  J.L.,  Mécanique  des  matériaux  solides,  Dunod,  1996 
25. S. Grasberger and G. Meschke (2004) Thermo-hygro-mechanical degradation of concrete: 

From coupled 3D material modelling to durability oriented multifield structural analyses, 
Materials and Structures / Concrete Science and Engineering, Vol. 37, pp 244-256 

26. Chongbin Zhao, .B.E. Hobbs,  P. Hornby, A. Ord, Shenglin Peng, and Liangming Liu (2008) 
Theoretical and numerical analyses of chemical-dissolution front instability in fluid-saturated 
porous rocks, Int. J. Numer. Anal. Meth. Geomech. 32:1107–1130 , DOI:10.1002/nag.661  

27. Eslami, J.,  Hoxha D.,  Grgic D.,  (2012) Estimation of the damage of a porous limestone using 
continuous wave velocity measurements during uniaxial creep tests, Mechanics of Materials 
49 , 51–65 

28. Michel L., Do D.P, Coignard B. & Hoxha  D.(2014) On the numerical evaluation of historical 
stone sculpture artwork restoration, European Journal of Environmental and Civil 
Engineering, http://dx.doi.org/10.1080/19648189.2014.891471  

29. Bieniawski  Z.T. (1967)  Stability concept of brittle fracture propagation in rock, Engineering 
Geology, Volume 2, Issue 3, Pages 149-162, https://doi.org/10.1016/0013-7952(67)90014-2  

30. Sun C.T and Jin Z.H (2012) Fracture Mechanics, Academic Press Elsevier, ISBN 978-0-12-
385001-0,  336 pg. https://doi.org/10.1016/C2009-0-63512-1  

31. [32] Irwin, G.R , Fracture Dynamics, Fracturing of Metals, American Society for Metals, 
Cleveland, 1948. 

32. A.A. Griffith (1920) Philosophical Transactions, Series A, Vol. 221, pp. 163–198 
33. Atkinson, B. (1984), Subcritical crack growth in geological materials, J. Geophys. Res., 89 

(B6), 4077–4114. 
34. [Stavros K. Kourkoulis ed., (2007) Fracture and Failure of Natural Building Stones: 

Applications in the Restoration of Ancient Monuments, Springer Science & Business Media, 
592pg 

35. Paris, Paul C.; Erdogan, F (1963). A critical analysis of crack propagation laws. Journal of 
Basic Engineering, Transactions of the American Society of Mechanical Engineers: 528–534. 

36. NF EN 1990  Eurocode– Basis of structural Design – Annex A1 , for Buildings 
37. Yao Y, Wang L,. Wittmann F., De Belie N., Schlangen E., Gehlen C., Wang Z, Eguez  H., Cao 

Y, Yunus B., Li  J.,(2017) Recommendation of RILEM TC 246-TDC: test methods to 
determine durability of concrete under combined environmental actions and mechanical load, 
Materials and Structures, 50:155, DOI:10.1617/s11527-017-1000-3 

38. RILEM Technical Committee (2010)  Recommendation of RILEM TC 212-ACD: acoustic 
emission and related NDE techniques for crack detection and damage evaluation in concrete, 
Materials and Structures, Volume 43, Issue 9, pp 1187–1189, DOI 
https://doi.org/10.1617/s11527-010-9640-6  

39. RILEM TC 177-MDT (2004) Test method recommendations of RILEM TC 177-MDT 
'Masonry durability and on-site  testing' -D.5: In-situ stress - strain behaviour tests based on 
the flat jack, Materials and Structures, Vol 37, Issue 271, pg. 497-501 

https://www.vicat.fr/content/download/91008/838050/file/CP_BIOSYS.PDF
https://www.biofib.com/files/BIOFIB_TRIO-Avis_technique_CSTB_Murs.pdf
http://dx.doi.org/10.1080/19648189.2014.891471
https://doi.org/10.1016/0013-7952(67)90014-2
https://doi.org/10.1016/C2009-0-63512-1
https://doi.org/10.1617/s11527-010-9640-6


 

16 
 

 
RE-BUILT - O1 

 
40. TC 129-MHT (1998) Test methods for mechanical properties of concrete at high temperatures 

Recommendations: Part 7: Transient Creep for service and accident conditions, Materials and 
Structures, Vol 31, Issue 209, pg. 290-295 

41. EN 1991-2:2003  Eurocode 1: Actions on structures -Part 2: Traffic loads on bridges 
42. Katpady, D.N., Hazehara, H., Soeda, M. et al. (2018) Int J Concr Struct Mater 12:30. 

https://doi.org/10.1186/s40069-018-0260-9  
43. Zaharieva, R., Buyle-Bodin, F., Skoczylas, F., & Wirquin, E. (2003). Assessment of the surface 

permeation properties of recycled aggregate concrete. Cement and Concrete Composites, 25, 
223–232.   

44. Molina, E  , Giuseppe & Sebastián E & Alonso, Fco. J. (2013). Evaluation of stone durability 
using a combination of ultrasound, mechanical and accelerated aging tests. Journal of 
Geophysics and Engineering. 10. 035003. 10.1088/1742-2132/10/3/035003. 

45. Y. C. Cheng, H. B. Guo, X.Q. Wang,  Y.B. Jiao(2014)  Durability Assessment of Reinforced 
Concrete Bridge Based on Fuzzy Neural Networks, Advanced Materials Research, Vols. 838-
841, pp. 1069-1072. 

46. EL-Bashir S., Althumairi N. and Alzayed Naser (2017) Durability and Mechanical 
Performance of PMMA/Stone Sludge Nanocomposites for Acrylic Solid Surface Applications, 
Polymers (Basel),  9(11): 604, doi: 10.3390/polym9110604 

47. Purcell, Caroline Engel (2018) Deep Energy Renovation of Traditional Buildings : Addressing 
Knowledge Gaps and Skills Training in Ireland , https://www.heritagecouncil.ie/  

48. DIRECTIVE 2010/31/EU  (2010) European Council Directive of the European Parliament and 
of the Council on the Energy Performance of Buildings (Recast) PE-CONS 15/10, ENER 131 
ENV 255,  CODEC 382 

49. EN 16883:2017 (2017) Conservation of cultural heritage - Guidelines for improving the energy 
performance of historic buildings  

50. EN 15026:2007 (2007) Hygrothermal Performance of Building Components and Building 
Elements -Assessment of Moisture Transfer by Numerical Assessment 

51. EN 15978:2011 (2011) Sustainability of Construction Works -Assessment of Environmental 
Performance of Buildings -Calculation Method 

52. Lee J1, Mahendra S, Alvarez PJ. (2011)  Nanomaterials in the construction industry: a review 
of their applications and environmental health and safety considerations. ACS Nano., 
4(7):3580-90. doi: 10.1021/nn100866w. 

53. Hincapiéa, I., Caballero-Guzmana, A., Hiltbrunnerb D., Nowack B. (2015) Use of engineered 
nanomaterials in the construction industry with specific emphasis on paints and their flows in 
construction and demolition waste in Switzerland,  Waste Management Volume 43, Pages 398-
406 

54. ICOMOS  , International Council for Monuments and Sites https://www.icomos.org/en  
55. SCI  Steel Construction Institut https://www.steel-sci.com/  
56. Shahana Y. Janjua,  , Prabir K. Sarker ,  Wahidul K. Biswas (2019)  A Review of Residential 

Buildings’ Sustainability Performance Using a Life Cycle Assessment Approach, Journal of 
Sustainability Research. 2019;1:e190006. https://doi.org/10.20900/jsr20190006  

57. Interaction Design Foundation : https://www.interaction-design.org/  
58. Marjaba GE, Chidiac SE (2016) Sustainability and resiliency metrics for buildings—Critical 

review. Building and Environnement 101:116-125. 
59. Coussy O. (2004) Poromechanics, Wiley and Sons, ISBN 0-470-84920-7, 312 pp. 

https://doi.org/10.1186/s40069-018-0260-9
https://www.heritagecouncil.ie/
https://www.icomos.org/en
https://www.steel-sci.com/
https://doi.org/10.20900/jsr20190006
https://www.interaction-design.org/


 

17 
 

 
RE-BUILT - O1 

 
60. [61] Dormieux L., Kondo D., Ulm F., (2006) Microporomechanics , Wiley Blackwell, ISBN 

9780470031889, 344 pg.   
61. Hoxha D., Homand F., Auvray C. (2006) - Deformation on natural gypsum rock : mechanisms 

and questions, Engineering Geology, Volume 86, Issue 1, pp. 1-17 
62. Hoxha D., Homand F., Giraud A., Auvray C (2007) - Saturated and unsaturated behaviour 

modelling of Meuse-Haute/Marne argillite, International Journal of Plasticity, 23, pp. 733-766 
63. Auvray C., Homand F., Hoxha D. (2008) - The influence of relative humidity on the rate of 

convergence in an underground gypsum mine, International Journal of Rock Mechanics and 
Mining Sciences, Volume 45, Issu 8, pp. 1454-1468. 

64. Belayachi N., Do D. P., Hoxha D (2012) Thermo-hydro-mechanical behavior of a tuffeau stone 
masonry, European Journal of Environmental and Civil Engineering , Volume 16, Issue 5, 
pages 557-570 

65. D Hoxha, N Belayachi, DP Do (2014) On Thermo-Hydro-Mechanical (THM) Fatigue Damage 
of Historical Stone Buildings, Advanced Materials Research 891, 36-41 

66. N. Belayachi, D. Hoxha (2016) Damage of Historical Stone Masonry Buildings: Combined 
Effects of Spatial Variability of Stone Properties and Environmental Condition, Journal of 
Civil Engineering and Architecture :10, 743-754 

67. Sarah Janvier-Badosa, Kévin Beck, Xavier Brunetaud & Muzahim Al-Mukhtar (2013) 
Historical Study of Chambord Castle: Basis for Establishing the Monument Health Record, 
International Journal of Architectural Heritage, 7:3, 247-260, DOI: 
10.1080/15583058.2011.634959,  

68. A Al-Omari, X Brunetaud, K Beck, M Al-Mukhtar, M Street (2014) Hygrothermal stress and 
damage risk in the stones of the Castle of Chambord-France, Int J Civ Struct Eng 4 (3), 402-
18 

69. X Brunetaud, LD Luca, S Janvier-Badosa, K Beck, M Al-Mukhtar (2012) Application of 
digital techniques in monument preservation, European Journal of Environmental and Civil 
Engineering 16 (5), 543-556 

70. David H Deacon (2006) The Durability of Steel Structures in Different Environments,  in 
Durability of materials and structures in Buildings and Civil Engineering , Whittles 
Publishing, ISBN 1-870325-58-3, 474 pp. 

71. S Janvier-Badosa, K Beck, X Brunetaud, M Al-Mukhtar (2014) The occurrence of gypsum in 
the scaling of stones at the Castle of Chambord (France), Environmental earth sciences 71 (11), 
4751-4759 

72. J.M.P.Q. Delgado (ed.), New Approaches to Building Pathology and Durability, Building 
Pathology and Rehabilitation 6, DOI 10.1007/978-981-10-0648-7_2  

73. S. Siegesmund, R. Snethlage (eds.),  (2011) Stone in Architecture: Properties and Durability 
4th ed., 227 DOI 10.1007/978-3-642-14475-2_4,  Springer-Verlag Berlin Heidelberg  

74. M.D. Robador, F. Arroyo, J.L. Perez-Rodriguez (2014), Study and restoration of the Seville 
City Hall façade, Construction and Building Materials, Volume 53, Pages 370-380, DOI 
10.1016/j.conbuildmat.2013.11.088. 

75. Mariagrazia Tortora, Stefano Sfarra, Marco Chiarini, Valeria Daniele, Giuliana Taglieri, 
Giorgio Cerichelli, Non-destructive and micro-invasive testing techniques for characterizing 
materials, structures and restoration problems in mural paintings, Applied Surface Science, 
Volume 387, 2016, Pages 971-985, DOI 10.1016/j.apsusc.2016.07.023. 



 

18 
 

 
RE-BUILT - O1 

 
76. Gokhan Kilic, Using advanced NDT for historic buildings: Towards an integrated 

multidisciplinary health assessment strategy, Journal of Cultural Heritage, Volume 16, Issue 4, 
2015, Pages 526-535, DOI 10.1016/j.culher.2014.09.010. 

77. D.M McCann, M.C Forde, Review of NDT methods in the assessment of concrete and masonry 
structures, NDT & E International, Volume 34, Issue 2, 2001, Pages 71-84,  DOI 
10.1016/S0963-8695(00)00032-3. 

78. Miroslav Sýkora, Dimitris Diamantidis, Milan Holický, Jana Marková, Árpád Rózsás, 
Assessment of compressive strength of historic masonry using non-destructive and destructive 
techniques, Construction and Building Materials, Volume 193, 2018, Pages 196-210, DOI 
10.1016/j.conbuildmat.2018.10.180. 

79. B. Sena da Fonseca, A.P. Ferreira Pinto, S. Piçarra, M.F. Montemor, Artificial aging route for 
assessing the potential efficacy of consolidation treatments applied to porous carbonate stones, 
Materials & Design, Volume 120, 2017, Pages 10-21, DOI  10.1016/j.matdes.2017.02.001. 

80. R. Duarte, I. Flores-Colen, J. de Brito, A. Hawreen, Variability of in-situ testing in wall coating 
systems - Karsten tube and moisture meter techniques, Journal of Building Engineering, 
Volume 27, 2020, https://doi.org/10.1016/j.jobe.2019.100998. 

81. Swathy Manohar, Karpagam Bala, Manu Santhanam, Arun Menon, Characteristics and 
deterioration mechanisms in coral stones used in a historical monument in a saline 
environment, Construction and Building Materials, Volume 241, 2020, DOI 
10.1016/j.conbuildmat.2020.118102. 

82. Mohamed Ahmed Hassine, Kévin Beck, Xavier Brunetaud, Muzahim Al-Mukhtar, Use of 
electrical resistance measurement to assess the water saturation profile in porous limestones 
during capillary imbibition, Construction and Building Materials, Volume 165, 2018, Pages 
206-217, DOI 10.1016/j.conbuildmat.2017.12.238. 

83. N. Alderete, Y. Villagrán Zaccardi, D. Snoeck, B. Van Belleghem, P. Van den Heede, K. Van 
Tittelboom, N. De Belie, Capillary imbibition in mortars with natural pozzolan, limestone 
powder and slag evaluated through neutron radiography, electrical conductivity, and 
gravimetric analysis, 

84. Cement and Concrete Research, Volume 118, 2019, Pages 57-68, DOI 
10.1016/j.cemconres.2019.02.011. 

85. Laila M. Khodeir, Dalia Aly, Shaimaa Tarek, Integrating HBIM (Heritage Building 
Information Modeling) Tools in the Application of Sustainable Retrofitting of Heritage 
Buildings in Egypt, Procedia Environmental Sciences, Volume 34, 2016, Pages 258-270, DOI 
10.1016/j.proenv.2016.04.024. 

86.  Anna Fryskowska, Julita Stachelek, A no-reference method of geometric content quality 
analysis of 3D models generated from laser scanning point clouds for HBIM, Journal of 
Cultural Heritage, Volume 34, 2018, Pages 95-108, DOI 10.1016/j.culher.2018.04.003. 

87. Michele Monego, Andrea Menin, Massimo Fabris, Vladimiro Achilli, 3D survey of Sarno 
Baths (Pompeii) by integrated geomatic methodologies, Journal of Cultural Heritage, Volume 
40,2019, Pages 240-246, DOI 10.1016/j.culher.2019.04.013 

88. S Islam, G Bhat. Environmentally-friendly thermal and acoustic insulation materials from 
recycled textiles. Journal of environmental Management, 251, 2019,    
https://doi.org/10.1016/j.jenvman.2019.109536.  

89. https://onpe.org/news/precarite_energetique_combien_de_personnes_peinent_chauffer_leur_l
ogement. 

https://doi.org/10.1016/j.jobe.2019.100998
https://doi.org/10.1016/j.jenvman.2019.109536
https://onpe.org/news/precarite_energetique_combien_de_personnes_peinent_chauffer_leur_logement
https://onpe.org/news/precarite_energetique_combien_de_personnes_peinent_chauffer_leur_logement


 

19 
 

 
RE-BUILT - O1 

 
90. https://www.ademe.fr/sites/default/files/assets/documents/fiche-ravalement-refection-toiture-

amenagement-travaux-isolation.pdf 
https://ec.europa.eu/environment/integration/research/newsalert/pdf/26si_en.pdf 

91. https://www.batimentbascarbone.org/renovation-bas-carbone/ 
92. Sierra-érez, J. et al., 2015. Environmental implications of cork as thermal insulation in façade 

retrofits. 10th Conference on Advanced Building Skins, 126. 
93. Y. Millogo, J-C Morel, J-E. Aubert, K. Ghavami. Experimental analysis of pressed adobe 

blocks reinforced with Hibiscus cannabinus fibers. Construction and Building Materials, 2014; 
52: 71-78. 

94. G.H.D. Tonoli, S. F. Santos, H. Savastano, S. Delvasto, R. Mejiade  Gutierrez, M-del-M. Lopez 
de Murphy. Effects of natural weathering on microstructure and mineral composition of 
cementitious roofing tiles reinforced with fique fibre. Cement  and Concrete Composites, 
2011; 33: 225-232. 

95. S. Alix, E. Philippe, A. Bessadok, L. Lebrun, C. Morvan, S. Marais. Effect of chemical 
treatments on water sorption and mechanical properties of flax fibres. Bioresources 
Technology, 2009; 100: 4742-4749. 

96. M. Palumbo, J. Avellaneda, and A. M. Lacasta, “Availability of crop by-products in Spain: 
New raw materials for natural thermal insulation,” Resour. Conserv. Recycl., vol. 99, pp. 1–6, 
2015. 

97. F. Recherche, H. Bewa, and A. Angers, “Evaluation de la disponibilité et de l ’ accessibilité de 
fibres végétales à usages matériaux en France Assessment of natural fibres availability and 
accessibility for material uses in France Remerciements,” Recherche, 2011. 

98. T. Yates, “The use of non-food crops in the UK construction industry,” J. Sci. Food. Agr., vol. 
86, pp. 1790–6, 2006. 

99. F. Asdrubali, F. D’Alessandro, and S. Schiavoni, “A review of unconventional sustainable 
building insulation materials,” Sustain. Mater. Technol., vol. 4, pp. 1–17, 2015. 

100. V. Sharma, B. M. Marwaha, and H. K. Vinayak, “Enhancing durability of adobe by natural 
reinforcement for propagating sustainable mud housing,” Int. J. Sustain. Built Environ., vol. 5, 
no. 1, pp. 141–155, 2016. 

101. Y. Dieye, V. Sambou, M. Faye, A. Thiam, M. Adj, and D. Azilinon, “Thermo-mechanical 
characterization of a building material based on Typha Australis,” J. Build. Eng., vol. 9, no. 
May 2016, pp. 142–146, 2017. 

102. G. Calatan, A. Hegyi, C. Dico, and C. Mircea, “Determining the Optimum Addition of 
Vegetable Materials in Adobe Bricks,” Procedia Technol., vol. 22, no. October 2015, pp. 259–
265, 2016. 

103. Ali, M.; Chouw, N. Experimental investigations on coconut-fibre rope tensils strength and 
pullout from coconut fibre reinforced concrete. Constr. Build. Mater. 2013, 41, 681–690. 

104. Ramli, M.; Kwan, W.H.; Abas, N.-F. Strength and durability of coconut-fiber-reinforced 
concrete in aggressive environments. Constr. Build. Mater. 2013, 38, 554–566. 

105. Guozhong, L.; Yanzhen, Y.; Jianquan, L.; Changchun, L.; Yingzi, W. Research on adaptability 
between crop-stalk fibers and cement. Cem. Concr. Res. 2004, 34, 1081–1085. 

106. Madhoushi, M.; Nadalizadeh, H.; Ansell, M.P. Withdrawal strength of fasteners in rice straw 
fibre-thermoplastic composites under dry and wet conditions. Polym. Test. 2009, 28, 301–306. 

107. Chen, X.; Yu, J.; Zhang, Z.; Lu, C. Study on structure and thermal stability properties of 
cellulose fibers from rice straw. Carbohydr. Polym. 2011, 85, 245–250. 

https://www.ademe.fr/sites/default/files/assets/documents/fiche-ravalement-refection-toiture-amenagement-travaux-isolation.pdf
https://www.ademe.fr/sites/default/files/assets/documents/fiche-ravalement-refection-toiture-amenagement-travaux-isolation.pdf
https://ec.europa.eu/environment/integration/research/newsalert/pdf/26si_en.pdf
https://www.batimentbascarbone.org/renovation-bas-carbone/


 

20 
 

 
RE-BUILT - O1 

 
108. V. Cerezo. Propriétés mécaniques, thermiques et acoustiques d’un matériau à base de particules 

végétales: approche expérimentale et modélisation théorique. PHD Thesis of INSA-Lyon. p. 
242,  2005 

109. R. Bevan, T. Woolley. Hemp lime construction- A guide to building with hemp lime 
composites. Building research Establishment. p. 110 (2008). 

110.  [98]  P. B. Bruijn, K. H. Jeppsson, K. Saudin, C. Nilsson. Mechanical properties of lime hemp 
concrete containing shives and fibres. Biosystems Engineering. 103, p. 474-479, 2009. 

111. T. Ashour, H. Wieland, H. Georg, F.J. Bockisch, W. Wu, The influence of natural 
reinforcement fibers on insulation values of earth plaster for straw bale buildings, Mater. Des. 
31 (2010) 4676-4685. 

112. T. Ashour, H. Goerg, W. Wu, An experimental investigation on equilibrium moisture content 
of earth plaster with natural reinforcement fibers for straw bale buildings, Appl. Therm. Eng. 
31 (2011) 293-303. 

113. J. W. Van de Lindt, J. A. H. Carraro, P. R. Heyliger, C. Choi. Application and feasibility of 
coal fly ash and scrap tire fiber as wood wall insulation supplements in residential buildings. 
Resources, Conservation and recycling, 52, 1235-1240, 2008. 

114. A. Haapio, P. Viitaniemi. Environmental effect of structural solutions and building materials 
to a building. Environmental Impact Assesment Review, 28, 587-600, 2008. 

115. A. T. Almalkawi, P. Soroushian, Som S. Shrestha. Evaluation of the energy efficiency of an 
aerated slurry-infiltrated mesh building system with biomass-based insulation. Renewable 
energy, 133, 797-806, 2019.  

116. H Huang, Y Zhou, R Huang, H Wu, Y Sun, G Huang, T Xu. Optimum insulation thicknesses 
and energy conservation of building thermal insulation materials in Chinese zone of humid 
subtropical climate. 52, 2020, https://doi.org/10.1016/j.scs.2019.101840. 

117. Slaimia Marouen, Belayachi Naima, Hoxha Dashnor. In situ performance assessment of a bio-
sourced insulation material from an inverse analysis of measurments on a demonstrator 
building. EBUILT2016, 16-19  Novembre, Iasi (Romania) 2016. 

118. J. Wei, C. Meyer. Degradation rate of natural fiber in cement composites exposed to       various 
accelerated aging environment conditions. Corrosion Science, 88: 118-132, 2014. 

119. R.D. Toledo Filho, K. Scrivener, G. L. England, K. Ghavami. Durability of alkali-sensitive 
sisal and coconut fibers in cement mortar composites. Cement and Concrete Composites, 22: 
127-143, 2000. 

120. Lideôw S, Ôrn T, Luciani A, Rizzo A. Energy-efficiency measures for heritage buildings: a 
literature review. Sustainable cities and Society 45: 231-242, 2019. 

121. Robert W, Piotr K. On rehabilitation of building with historical. Energy Procedia 132: 927-
932, 2017. 

 

https://doi.org/10.1016/j.scs.2019.101840

