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NON-DESTRUCTIVE TESTING METHODS AS A MAIN TOOL
SUPPORTING EFFECTIVE WASTE MANAGEMENT IN

CONSTRUCTION PROCESSES

J. JASKOWSKA-LEMANSKA', J. SAGAN’

Construction and demolition (C&D) waste management should be accordance with the waste management
hierarchy. In practice, C&D waste are often downcycling. It is the result of many factors, including lack of
awareness about the value inherent in waste. The paper presents analysis of the adaptability of non-destructive
testing (NDT) methods for technical assessment of waste properties. As part of the work, non-destructive testing
methods were described and classified in accordance with material and the features they enable testing. The
publication presents examples of the use of NDT in the recovery of building materials during construction
projects, in the field of influence of technical information of waste on the way it is managed. Finally, a scheme
of waste management process during the renovation of an object with the application of NDT methods was

presented.
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1. INTRODUCTION

Construction and demolition (C&D) waste management should be based on the waste
management hierarchy, and its observance can bring environmental and financial benefits [1], [2].

The assumptions of the circular economy are opposed to the linear economy paradigms, for waste is
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treated as a raw material. Reconstruction of the classical supply chain to the closed system
(circulation) is considered to be an effective approach to reduce costs while taking into account the
impact on the environment and consumers’ requirements [3].

Despite the positive experience in closing supply chains by the manufacturing industry, in
the construction sector there are much greater difficulties [4], [S]. Among the barriers, the
interdisciplinary nature of activities related to recovery is emphasized, and so is the wide range of
variables affecting the flow of returnable streams [6]. In construction, the recovery of C&D waste
should take place in accordance with the principles and technical standards applicable in
construction as well as legal regulations [7]. As a result, masonry and concrete elements are
processed into the form of debris, steel elements are scrapped, and wood elements are used for
energy recovery. An alternative to such a scenario is to examine the physical and mechanical
features of building elements (often before deconstruction) and then, if the results are promising,
extract the highest value inherent in the waste.

The article contains a literature review of NDT methods (with pros and cons) used in
assessing technical parameters of construction waste (Section 2). The area of consideration includes
wood, steel, concrete and ceramic waste. The article also presents examples of using non-
destructive examinations to recover C&D waste (Section 3). As a result, a procedure scheme of the
waste management process during the renovation of the object with the application of NDT

methods was developed (Section 4).

2. REVIEW OF NDT METHODS

Non-destructive and semi-destructive tests are practical methods used to determine the
characteristics and parameters of structural elements of buildings. The advantage of both methods is
the ability to conduct tests or the entire element, with no significant interference in the structure of
the tested material. Although semi-destructive tests cause small cavities, their sizes do not
significantly affect the technical parameters of the element, and the resulting damage can be easily
masked. Within the NDT methods the following can be distinguished: organoleptic tests
(macroscopic evaluation) and all technical tests based on acoustic, electrical, radiological, or
electromagnetic methods [8], [9]. Within the scope of non-destructive and semi-nondestructive
testing, there are also tests based on various types of mechanical impact, such as the measurement
of pulling force and of the depth of an induced cavity [10]-[12]. The basic features of the building

elements to be assessed are as follows: the shape and dimensions of the element, material
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properties, the location and extent of damage, material corrosion including microbiological
evaluation.

Table 1 gives an overview of the non-destructive and semi-destructive test methods that can
be used in the assessment of building elements intended for disposal. The methods are compiled for
building materials such as steel, wood, concrete and ceramics. The following list is not a
comprehensive list of existing methods. Advanced non-destructive testing methods with higher
accuracy are more expensive and have limited mobility. For that reason, they are not included as
dedicated methods for the recovery of construction waste. Rising NDT costs reduces the financial
effectiveness of recovery.

Macroscopic evaluation is the simplest and low-budget test method, which allows for a
preliminary assessment of the technical condition of construction elements, including their wear and

tear as well as the changes caused by biological factors, microclimate and execution errors [13].

Table 1. Applicability of non-destructive and semi-destructive methods for assessment of the value

of construction waste

Material
Features Method Steel Wood Concrete Ceramics
Shape and dimensions of the Macroscopic evaluation . N N N
element
Sclerometric tests + +/- + +/-
Mechanical Strength Uultrgsonic method + +/- + -
propertics Pulling force test - +/- + +/-
Modulus of Test load method + + + N
elasticity Ultrasonic method + + - -
Direct measurement +/- +/- +/- +/-
Density UlFrasonic' methods +/- +/- +/- +/-
Radiographic methods +/- +/- +/- +/-
Physical Trimming resistance test - + - -
properties Colour Macroscopic evaluation + + + +
Chemical methods - - + +
Humidity Electrical methods - + + +
Thermographic method - + + +
Macroscopic evaluation + + + +
‘ Acoustic me{thods i i n +
Surface and internal defects of the (ultrasonic)
structure Radiographic method + +/- +/- +/-
Trmming resistance test - + - -
Thermographic method + + + +
Microbiological . Macrosgoplc andA - + +/- +/-
microscopic evaluation
Corrosion Macroscopic evaluation + - +/- +/-
Chemical Chemical and ) ; i

electrochemical methods

+ well established; +/- limited applicability; - not applicable
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Organoleptic tests could be supported by optical tools, such as a Brinella magnifier, an endoscope,
etc [14]. However, such an evaluation should not be treated as a stand-alone test method, due to a
possible variability of structural parameters within the cross-section of the element, which may lead
to incorrect evaluation. If the structure of the element changes unfavorably with the depth, the load-
bearing capacity of the element can be overestimated and, as a consequence, can lead to failure or a
building catastrophe. In the opposite situation, when the structure of the element changes favorably
into the interior, the potential inherent in the element may not be exploited [15]. Therefore, in order
to extract the maximum value embodied in the waste, the macroscopic evaluation should be
supported by the methods of non-destructive and semi-destructive testing, including the evaluation
of the mechanical properties.

The non-destructive method, which requires only simple geometrical measurements and
enables the evaluation of the mechanical parameters of the element, is the test load method. This
method consists of measuring the deflection under load. It is most commonly used for testing
horizontal elements such as beams, floor slabs, etc. [16].

A popular and wide group of tests are methods based on the phenomenon of ultrasound
wave propagation in the material. Such methods enable us to investigate the structural defects of the
material such as cavities or cracks and indirectly (through correlations) to determine its density and
mechanical properties [10], [17]. Ultrasonic testing of strength parameters is possible for steel and
concrete [8], [18], [19] while for timber they are limited to the modulus of elasticity test [20].
Strength results obtained from independent ultrasound tests are characterized by a wide range of
errors. For more precise results the findings should be calibrated by conducting destructive tests on
elements belonging to the same series [21]. In turn, defectoscopy using ultrasonic methods can be
performed for all presented materials; however, despite the short time of measurements, it is
necessary to emphasize the complex process of interpretation of the results [22], [23]. Only high-
tech equipment ensures automation of the interpretation process.

Another group of common and simple testing methods are the measurements of surface
hardness, represented by the rebound rate, which is correlated to the material strength. For materials
with the low variability of material parameters in assortment grades (such as steel or concrete),
reflectance measurement methods are widely used because of their simplicity, efficiency and easy
interpretation [24]. In the case of masonry ceramic elements, such methods are more often used to
assess the homogeneity of materials than to determine their mechanical properties [25]. As in
ultrasonic tests, in order to obtain more precise results, additional destructive laboratory tests need

to be performed. On the other hand, testing wood hardness is more difficult to interpret and less
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reliable than testing isotropic materials. Difficulties are caused by the variability of the mechanical
parameters of timber, such as timber defects, moisture content or the direction of testing in relation
to the anatomical structure of the wood [26]. Nevertheless, sclerometer measurements for wood,
hardness measured by an indenter, are becoming increasingly common, because they measure the
density of the material, which is valuable information to estimate the load-bearing capacity of a
timber. However, hardness measured by an indenter is a semi-destructive method that results in
small cavities of about 1 mm in diameter and up to 30 mm in depth; therefore, it is necessary to
complete the test by repairing the cavities [27].

A similar penetration method to examination wood material features, mainly density, is
drilling resistance testing. Such a test records the force that a thin drill needs to penetrate the
element at a constant speed. The depth of penetration depends on the device, typically 40-50 cm,
which makes it possible to test most or even the whole cross-section; therefore, it gives more
reliable results than surface tests [28], [29].

Alternative semi-destructive methods are based on the measurement of pull-out force. These
methods are mainly used in determining the strength characteristics of concrete, less often of
ceramic elements and timber. They, however, cause significant damages, thus, have not gained
much popularity.

The applicability of ultrasonic, sclerometric and penetration methods may result is a
significantly higher accuracy if correlation curves (a relation between DT and NDT results) are
developed for a specific type of material e.g., bricks from a particular period and region [21]. Most
of the presented non-destructive and semi-destructive methods can be successfully used to verify
the improvement of parameters after repair or maintenance operations [30].

The most accurate methods for assessing the homogeneity and, thus, density and continuity
of material are radiographic methods: X-ray and gamma defectoscopy. The results of radiographic
methods may be two-dimensional (2D) or three-dimensional (3D) images, depending on the used
technique. Tests can precisely define the location, dimensions and the sizes of defects; as well as,
indirectly, determine the density of the tested material [31]-[33]. In practice nowadays, these
methods are most often used for testing joints of steel elements [34]. Due to the high costs of in-situ
radiographic examinations of any other materials such as wood, concrete or masonry elements, its
use is justified for valuable historical elements. Radiographic examination usually requires
complete access to the element, which is not always possible or possible with additional costs.

A significant physical feature that determines the strength parameters of a material and its

suitability for further use is the moisture content. Non-destructive moisture testing can be carried
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out using electrical methods and thermographic dependencies, whereas semi-destructive chemical
methods require taking small samples.

The method successfully used to locate excessive humidity is thermovision. Infrared
thermography is a process of medium-infrared imaging, enabling registration of thermal radiation
emitted by objects and, thus, provide an accurate temperature measurement. This method is
extremely useful in the study of assessing a large quantity of material and of finding location with
excessive or variable humidity [35]. The active thermography method can be used to visualize
invisible discontinuities, e.g., cracks and scratches [36], [37].

Electrical methods are most commonly used to determine moisture content; they are based
on the measuring of electrical resistance or dielectric constant. These properties change with the
moisture content of the material, and devices have built-in correlation functions. The method is
widely available, does not require special experience and is relatively cheap. Test errors may result
from an incorrectly predefined material density as well as from the type of the contact surface [38].
Chemical methods are most commonly used for concrete and ceramics and one of the most popular
is the carbide method, which uses calcium carbide decomposition in water. As a result of the
reaction, acetylene is produced, which causes an increase of pressure in the container, the level of
which is a function of humidity.

Another methods determine the degree of chemical corrosion of materials. Apart from
macroscopic evaluation, they usually test the concentration of chemical components causing the
corrosion process. Chemical methods are also combined with electrical and other physical
phenomena [39]. Determining the degree of chemical corrosion for masonry and concrete elements
usually requires taking appropriate core samples. The level of chemical corrosion in steel elements
is determined using penetration [8] and magnetic methods [40]. The penetration method uses the
phenomenon of capillarity and is relatively inexpensive and does not require special skills;
however, it is time-consuming, while the magnetic method performs tests quickly, but requires a
very advanced apparatus.

The presented set of methods contain an important scientific achievements which have been
popularized, however, attention should be paid also to the further development of non-destructive

testing, towards new tools and methodological approaches, e.g.[41], [42].
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3. EXAMPLES OF APPLICATION OF NDT IN CONSTRUCTION PROCESSES

Non-destructive testing is successfully used in the technical assessment of building
components, as evidenced by many literature examples and observed in construction practice [13],
[43]-{49]. Also, the application of non-destructive tests in the recovery of building elements in the
renovation of the Gorzanéw Palace was published [50]. Currently, after 7 years of the authors’
collaboration with the Gorzanow Palace Foundation, the effects of the approach used in practice can
be fully discussed.

Due to the limitation of the technical condition assessment to the organoleptic method
during renovation works, several failures in the building occurred. One of them is the failure of the
roof structure (Fig. 1), resulting from excessive load on the reused roof framing caused by new tiles
of higher unit weight. To support revalorization works, non-destructive tests have been
implemented to increase the effectiveness of the evaluation.

An example of the recovery of structural timber beams is nine-meter ceiling beams
recovered, which had degraded support zones. The technical condition of the facility required
deconstruction

( Fig. 2a). Timber beams were stored (Fig. 2b), cleaned and cut in the degradation zones.

Fig. 1. Roof structure failure in the Gorzanow Palace
Conducting organoleptic and non-destructive tests of mechanical parameters led to the assessment
of the strength parameters of wood (Fig. 2¢), which together with the information about the cross-
section of the elements enabled the assessment of their load-bearing capacity (Fig. 2d). Finally, the
beams were built into a shorter span ceiling (Fig. 2¢). The final effect of material recovery (in one

of the completed rooms) is presented in Fig. 2f.
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S

Fig. 2. Recovery of timber structural beams

During the revalorization of the Palace, the recovery of ceramic materials was also
undertaken. Ceramic materials obtained from demolition processes were brick and tile. Such
materials are usually crushed and used to strengthen the soil near the building for various purposes.
Waste material was selectively collected, stored and subjected to NDT. Performed non-destructive
tests resulted in the recovery of a higher value of brick: nearly 85% of the waste material was fit for
embedding into the structure and only 15% was assigned for non-structural purposes. The historical
value of the elements favoured the idea of reusing the material for revalorization purpose (in order
to preserve its authenticity); thus, part of waste intended for non-structural purpose were used for
floor coverings.

The current experience of the authors refers to ceramic and wooden materials. Examples of

the applicability of NDT methods in steel structures can be found in another paper [51].

4. CONCEPTS OF USING NDT METHOD IN WASTE MANAGEMENT

PROCESS

Years of experience in renovation, allowed to create a scheme of the waste management
process, with application of NDT during the renovation (Fig. 3). The elements and systems of the
building which no longer meet the technical or functional requirements are replaced. Non-
destructive testing methods can be implemented in terms of both technical parameters and physical
properties of the elements. A process starts by an organoleptic evaluation of the elements of an
object. If the technical condition is in doubt, then, an assessment of the technical condition must be
provided. At a subsequent stage, organoleptic visions with appropriate technical studies (Table 1)
reduce the risk of losing the benefits inherent in the element which appeared to meet the technical

and functional requirements. Sometimes, an element may only require surface treatment
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(refurbishment or maintenance) for further operation. In this way, NDT supports the first postulate
in the waste management hierarchy, i.e. the prevention of waste generation while limiting the risk of
construction failures. If a tested element does not meet the technical requirements based on its wear
and strength parameters, strengthening them as well as a replacement may be provided. In a
situation where a building element is decomposed, it can be used for other purposes (within

renovation area) or sold as a secondary product.

Renovation process

Critical
macroscopic
evaluation of

building elements

Result of macroscopic evaluation Leave the

element in the

building

Reliable technical condition structure
of the element

Doubtful technical condition of
the element

Non-destructive

testing The proper technical condition

Element in need of
improvement Repair/
Technical parameters Maintenance

Verification of
selected technical

. parameters
Interpretation

of the results

Keeping the
element in the

N : building structure
(prevention of
waste)

Assessment of the
suitability of the
component for
other re-use
purposes

Not app]icable+o

Further operations
under the waste
hierarchy

Insufficient technical
condition of the element
for the installation
location

Replacement of a
element in the
structure

Assessment
report

Verification of
selected technical
parameters

Decision on the
way of
development

Repair /
Maintenance

Commercial product
information

Preparation of technical product Sale Ow purpose,
information

Component recovery

Sale of a component
for recovery

Fig. 3. Scheme of the waste management process during the renovation of an object with the application of
NDT methods

Based on NDT results, it is possible to prepare commercial technical information about the

secondary product. This information can be given in the form of technical parameters or in the

form of raw non-destructive test results, transferring the process of interpretation of the results to

the purchaser. In this way, the seller can transfer the risk, thus, avoiding responsibility for the
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declared quality of the product. Such an attitude, however, entails the risk of a missed opportunity

resulting from the lack of demand for a product without a declaration of technical parameters.

5. SUMMARY AND CONCLUSIONS

The recovery of construction waste is now common practice, but the decision-making
process of waste management is not supported by sufficient tools that enable the objective
assessment of technical parameters of waste; thus, waste is often downcycling. At the stage of
planning the renovation of construction works, it is reasonable to consider various implementation
scenarios [52], one of the selection criteria may be the waste recovery rate. The presented approach
to construction waste management has the following advantages, it:

— ensures waste management in accordance with the waste management hierarchy;

— minimizes the risk associated with the occurrence of failure resulting from incorrect
estimation of technical parameters of building elements,

— enables the sale of a recovered element with assurance of its quality confirmed by NDT
result,

— can be carried out on site, making sales possible directly from the construction site, and
reducing the costs and emissions associated with additional transport, and

— allows the authenticity of historic buildings to be preserved.

Thereby, the approach helps eliminate the main barriers related to waste recovery in the
construction industry, such as convincing consumers about the low quality of recycled products
[53], [54] and uncertainty about the results of the recovery [48], [53], [55]. Due to the civilization's
aspiration to perform circular economy, the development of NDT methods and tools for the

determination of technical parameters of waste is forecasted.
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BADANIA NIENISZCZACE JAKO GEOWNE NARZEDZIE WSPIERAJACE PROCES
GOSPODAROWANIA ODPADAMI BUDOWLANYMI

Keywords: badania nieniszczace, zamknigty fancuch dostaw, ekonomia o obiegu zamknigtym, odpady budowlane

SUMMARY:

Gospodarka odpadami budowlanymi powinna odbywac¢ si¢ zgodnie z hierarchig postgpowania z odpadami, a jej
przestrzeganie moze przynies¢ korzysci $rodowiskowe i finansowe [1], [2]. Prawidtowe gospodarowanie odpadami
wymaga wigc poprawnej oceny wartosci odpadow (ich przydatnosci). Konstrukcje budowlane podlegaja jednak
procesom destrukcyjnym, ktorych przebieg i przebieg sa zréznicowane i zwigzane z szeregiem czynnikow, takich jak
zmiany temperatury, wilgotnos¢é, wystgpowanie obcigzen statycznych i dynamicznych oraz korozja chemiczna i
biologiczna. Z tych powoddw parametry techniczne produktu poddanego odzyskowi z reguly odbiegaja od jakosci
produktu pierwotnego, stad wymagaja oceny. Brak prawidlowego oznaczenia parametréw mechanicznych materiatu
pochodzacego z odzysku a przeznaczonego na cele konstrukcyjne stwarza ryzyko wystapienia awarii, co zniechgca do
stosowania produktow pochodzacych z recyklingu. Niepewnos¢ co do wynikow odzysku jest jedng z gtdéwnych barier w
stosowaniu materiatow pochodzacych z recyklingu [28], [37], [39]. Inne bariery to opor organizacji [40] i trudno$¢ w
przekonaniu konsumentow, ze jako$¢ produktéw pochodzacych z recyklingu jest wlasciwa.

Okreslenie fizycznych i mechanicznych wlasciwosci odpadéw moze by¢ skutecznie przeprowadzone przy uzyciu
badan nieniszczacych i semi-niszczacych (NDT), ktére obejmuja narzedzia i metody badawcze. Badania nieniszczace
isemi-niszczace s3 praktycznymi metodami stuzacymi do okreslania wiasciwosci i parametréw elementow
konstrukcyjnych budynkow. Zaleta obu metod jest mozliwosé prowadzenia badan na catym elemencie, bez znaczacej
ingerencji w struktur¢ badanego materiatu. W ramach NDT mozna wyr6zni¢ nastgpujace metody: badania
organoleptyczne (ocena makroskopowa) oraz wszystkie badania techniczne oparte na metodach akustycznych,
elektrycznych, radiologicznych lub elektromagnetycznych. Podstawowe cechy ocenianych elementéw budowlanych to:
ksztatt i wymiary elementu; parametry mechaniczne, fizyczne i chemiczne; potozenie i zakres uszkodzen; stopien
korozji chemicznej i mikrobiologicznej. W artykule przedstawiono przeglad metod badan nieniszczacych i semi-
niszczacych ktore moga by¢ stosowane w ocenie elementéw budowlanych przeznaczonych do odzysku. Syntetyczne
opracowanie sporzadzono dla takich materialéw budowlanych jak stal, drewno, beton i ceramika.

Przedstawione w niniejszym opracowaniu praktyczne przykiady stosowania badan nieniszczacych w ocenie
odzyskiwanych elementéw, potwierdzaja przydatnos¢ metod NDT w gospodarce odpadami budowlanymi w celu
odzyskania wyzszej ich wartosci. W oparciu o wieloletnie obserwacje, autorzy przedstawiaja schemat gospodarowania

odpadami budowlanymi z zastosowaniem metod NDT w obszarze robot remontowych (Rys.1).
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Rys.1. Schemat procesu gospodarowania odpadami z zastosowaniem metod NDT podczas remontu obiektu

budowlanego

Przedstawione podejscie do gospodarki odpadami budowlanymi ma nastgpujace zalety: zapewnia gospodarke
odpadami zgodnie z hierarchia postgpowania z odpadami; minimalizuje ryzyko zwigzane z wystapieniem awarii
wynikajacej z niewlasciwego oszacowania parametrow technicznych elementéw budowlanych; umozliwia sprzedaz
odzyskanego elementu z zapewnieniem jego jako$ci potwierdzonej wynikiem NDT; ocena parametrow technicznych
moze by¢ prowadzona na placu budowy, co wiaze si¢ z bezposrednia sprzedaza a co za tym idzie redukcja kosztow
i emisji zwigzanych z transportem; pozwala na zachowanie autentycznosci zabytkowych budynkéw.

Prezentowana koncepcja pomaga wyeliminowa¢ glowne bariery zwiazane z odzyskiwaniem odpadow
w budownictwie, takie jak przekonanie konsumentow o niskiej jakosci produktow z recyklingu [37], [38] oraz
niepewnos¢ co do wynikow odzysku [28], [37]. Wdrozenie i upowszechnienie oceny stanu technicznego odpadéw to

kluczowe elementy rozwoju efektywnych zwrotnych tancuchow dostaw w sektorze budowlanym.
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