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“We have to put an end to those bad long-standing habits of squandering natural 

resources. Sustainable building materials or green building materials can be the 

solution.” 

Sustainability for All.  
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Abstract 

 

Sustainable construction, operation and maintenance of road infrastructure 

are currently of high priority in Norway. The development of the highway stand-

ards and specifications (e.g., N200) plays an important role, so that optimized use 

of recycled excavation materials and crushed concrete is achieved in the sub-base 

and base layers. 

Generally, factors that hinder the use of EM include geological complexity 

(i.e., composition of mechanically weak rocks), the absence of declaration policies, 

and a standard framework to characterize the testing frequency of general proper-

ties. Considering their application in permitted quantities in the base layer, it is 

expected that compliance with the mechanical performance, that is, Los Angeles 

(LA) and micro-Deval (MD) and other geometric properties designed for conven-

tional materials will be met. In addition, given the related geological complexity, 

it is essential to identify the effects of chemical and mineralogical features, as this 

may enhance the opportunity to classify geological variations and optimize the 

performance by mixing the masses with other materials.  

In this study, the first approach involved the identification of knowledge 

gaps pertaining to the relationship between the local geology and the mechanical 

performance (LA and MD) of the aggregates. Considering this, state of the art 

studies on the geological influences on the properties of rock aggregates were per-

formed. It was demonstrated that the global synergy of the influence of weathering 

on geological parameters (mineralogy, grain size and crystal size, grain shape, and 

porosity) and the extent to which they affect the overall performance remain im-

portant criteria in material selection. This pertains to excavation materials given 

the large geological make-up and may help end-users to understand the different 

roles played by mineralogy and other textural properties.  

Second, this study presents a documented baseline for the mechanical sta-

bility of excavation materials and assesses their mineralogical and chemical influ-

ences. The approach consisted of mixing protocols, such as intermixing with other 

materials as a mechanical stabilizing technique. The experimental protocol in-

volved LA and MD tests and repeated load triaxial tests (RLTT). Generally, in the 

cases of LA and MD, the local excavation materials met the current technical cri-

teria for the base layer. However, if weak rocks, such as phyllite, make up the 

composition, a limited target of ≤ 40% would be tolerable. The findings on the 
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mineralogical influence demonstrated that phyllosilicates (mica and chlorite) pre-

dominantly contributed to the low mechanical performances. In addition, it was 

demonstrated that if excavation materials are potentially composed of soluble ma-

terials such as masonry rubble, careful consideration should be given to the mixing 

level.  

Regarding the stiffness and deformation properties, as analyzed by Hicks 

and Monismith’s model and Uzan’s model, respectively, it was shown that as the 

bulk stress increased excavation materials produced higher stiffness response than 

phyllites. At the intermix level, the stiffness was higher at 25% substitution by 

phyllites compared to 50%. Hence, the performance was sensitive to the increased 

phyllite content. On the other hand, the permanent deformation behavior did not 

show significant variations despite the reported values of the degree of mobilized 

friction angle ρ(°), and incremental friction angle φ(°) which describe mobilized 

and maximum shear strength, respectively. These findings provide valuable input 

to future guidelines in predicting the bearing capacities for roads constructed with 

recycled materials. 

Finally, this study demonstrated the extended performance of recycled ag-

gregates derived from concrete sludge by the Re-Con Zero dry washing technology 

(RCZ) applied as feedstock in wet recycling of excavation materials to increase 

material circularity. The results showed a general trend of increased LA and MD 

with increased feeding of RCZ. The acid solubility results indicated that cement 

paste remained on the particles after the wet recycling process and parts of the 

cement paste was size reduced (< 1.6 mm) in the LA-testing process.  

 The content of chemical species of potential concern was generally low and 

complied with Norwegian waste regulations. In addition, the low Cr(VI) content 

indicates low leaching of Cr upon carbonation and a decrease in pH when used 

under real conditions.  

These findings contribute to maximizing sustainable use of resources in 

Norway and may help end -users with increased understanding of handling tech-

niques and the use of recycled aggregates from excavation masses. 
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Sammendrag  

 

Bærekraftig utbygging, samt drift og vedlikehold av veganlegg, er høyt 

prioritert i Norge. I dette arbeidet er også utviklingen av vegnormalene (f.eks. 

N200) viktig, slik at bruken av resirkulerte gravemasser (engelsk: Recycled Exca-

vation Materials, REM) og knust betong i bære- og forsterkningslag kan optimali-

seres. 

Generelt sett inkluderer faktorer som hindrer bruken av REM geologisk 

kompleksitet (dvs. sammensetning av mekanisk svake bergarter), tydeligere pro-

sedyrer og regler på hvilke egenskaper som bør deklareres og hvor hyppig dette 

skal utføres. Visse krav til mekaniske egenskaper må oppfylles for at masser skal 

tilates brukt i veikroppen, herunder Los Angeles- (LA) og micro-Deval (MD)-ver-

dier. På grunn av den geologiske kompleksiteten er det også viktig å identifisere 

kjemiske og mineralogiske egenskaper. Dette kan forbedre mulighetene til å  

blande materialer med ulike egenskaper, og derved øke utnyttelsen av masser som 

i utgangspunktet ikke tilfredsstiller kvalitetskravene. 

Den første tilnærmelsen i denne studien var å identifisere av kunnskapshull 

angående forholdet mellom lokal geologi og mekanisk ytelse (LA og MD) av til-

slag. Med tanke på dette ble det utført state-of-the-art studier om geologisk påvirk-

ning på egenskapene til tilslag. Det ble demonstrert at synergien av påvirkninger 

av forvitring på geologiske parametere (mineralogi, kornstørrelse og krystallstør-

relse, kornform og porøsitet) og i hvilken grad de påvirker den generelle ytelsen, 

forblir viktige kriterier i materialvalg. Dette er relevant for gravemasser med vari-

erende geologisk sammensetning hvor funnene i studien kan bidra til økt innsikt i 

hvordan mineralogien og teksturen påvirker egenskapene. Neste skritt I studien var 

å dokumentere den mekaniske stabiliteten til de resirkulerte gravemassene og vur-

dere mineralogiske og kjemiske påvirkninger. Tilnærmingen besto av blandings-

teknikker, for eksempel blanding med andre materialer som en mekanisk stabilise-

ringsteknikk. De eksperimentelle metodene var LA og MD-tester og treaksialtester 

(RLTT). I hovedsak tilfredsstilte de resirkulerte gravemassene gjeldende krav for 

bære- og forsterkningslag, målt ved LA- og MD-verdier. Når sammensetningen 

inneholdt betydelige andeler av svake bergarter som fylitt, ville en maksimal inn-

blandingsmengde på ≤ 40 % være akseptabelt. Funnene om den mineralogiske på-

virkningen viste at fyllosilikater (mika og kloritt) hovedsakelig bidro til den lave 
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mekaniske ytelsen. I tillegg ble det vist at hvis gravemasser består av porøse ma-

terialer som mursteinrester, bør det gjøres en vurdering av innblandingsnivået. 

Når det gjelder stivhets og deformasjonsegenskaper analysert i henhold til 

Hicks og Monismith’s modell og Uzan’s modell, ble det vist at resirkulerte grave-

masser påvirket stivhetsutviklingen positivt sammenlignet med fyllittmaterialene. 

Det ble påvist høyere stivhetsrespons ved 25% substitusjon av resirkulerte grave-

masser med fyllitt enn ved 50 % substitusjon. Derfor var ytelsen følsom overfor 

økt innhold av fyllitt. På den annen side så viste permanent deformasjonsadferd 

ingen betydelige variasjoner til tross for rapporterte verdier av graden av mobilisert 

friksjonsvinkel ρ(°) og inkrementell friksjonsvinkel φ(°), som beskriver henholds-

vis mobilisert og maksimal skjærstyrke. Disse funnene gir verdifull informasjon 

til retningslinjer for å evaluere bæreevnen til vei bygget med resirkulerte materia-

ler. 

Site steg i denne studien var å evaluere ytelsen til resirkulerte tilslag fra 

betongslam ved bruk av Re-Con Zero tørrvasketeknologi (RCZ). RCZ tilslag ble 

blandet med gravemasser og resirkulert i våtprosess for å øke materialenes sirku-

laritet. Resultatene viste en generell trend med økt LA og MD-ytelse med økende 

RCZ innblanding. Resultatene fra syreløselig andel, viste at det resirkulerte tilsla-

get inneholdt sementpasta og at en andel av sementpastaen ble nedknust (< 1.6 

mm) i LA testen. Dette antyder tilstedeværelsen av en godt herdet pasta. Innholdet 

av farlige stoffer, var generelt lavt og i samsvar med norske avfallsregler. I tillegg 

indikerer det lave Cr(VI) innholdet at det kan forventes lav utlekking av Cr ved 

karbonatisering og en reduksjon i pH under reell bruk av tilslaget. 

Disse funnene bidrar til å maksimere bærekraftig bruk av gravemasser i 

Norge og kan hjelpe sluttbrukere med økt forståelse av håndteringsmetoder og 

bruk av resirkulert tilslag fra gravemasser. 
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1 

 

1. Introduction 

 

1.1 Excavation materials-Overview 

 

Surface and underground construction activities lead to significant removal of 

earth materials and are key drivers of environmental pollution [1-4]. The primary 

components of these masses include virgin soil and rocks; however, other wastes, 

such as asphalt, wood, volatile solids, and concrete rubble, may also be present [3]. 

In Europe, excavation materials are regarded as one of the largest sources of waste 

(by volume) and are reported to be five times the amount of household waste [5].  

For example, considering only excavated soil, data from the European 

Large Geotechnical Institute Platform (ELGIP) suggest that France is one of the 

largest producers with an annual production of approximately 7-10 million tons 

[6]. Generally, the disparity in the amount of excavation materials generated from 

one country to another reflects the action plan-(s) adopted to manage them. There-

fore, it is worth noting that while some countries have implemented specific legis-

lative guidelines to encourage recycling practices and the use of high-quality ex-

cavation materials [7], others have not fully embraced the potential sustainability 

benefits and instead primarily utilize these materials as coverings. It is important 

to consider that this may be influenced by economic structures and differing sus-

tainability policies.  

The newly launched strategy for a sustainable built environment in the Eu-

ropean Union encompasses the fundamental objective to promoting safe, sustain-

able, and circular use of excavation masses [8]. This development may help mem-

ber states formulate a solid framework to ensure harmony in the tracing, recycling, 

and utilization of surplus excavation masses within the circular economy.  

In Norway, the national narrative on becoming environmentally friendly 

includes the increased promotion of the use surplus materials from excavation op-

erations based on quality and technical performance [6]. Considering this, national 

projects, such as Kortreist stein (short-traveled aggregates) and RESGRAM (recy-

cled aggregates from excavation masses), were designed to develop technological 

processing solutions for the sustainable use of high-quality excavation and tunnel 
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materials and increase competitiveness among local contractors and practitioners. 

This increased the understanding of handling techniques, practices, and the use of 

these materials in concrete and road pavement  and served as a demonstration of 

the commitment to leverage key resources in the country. Conceptually, these de-

velopments will contribute to achieving the 2030 targets set by the United Nations 

Sustainable Development Goals. Goal number 11.6 under sustainable cities and 

communities is targeted toward the reduction of the adverse per capita environ-

mental impact of cities, including paying special attention to air quality, and mu-

nicipal and other waste management. In addition, goal number 12.2 under the cap-

tion of natural resources seeks to achieve sustainable management and efficient 

use of natural resources [9].  

 

1.2 Factors affecting recycling of excavation materials  

 

While the management of excavation materials varies among construction activi-

ties, several factors such as, geology [4, 10, 11], legislative and regulatory policies 

[6, 12], and management (organizational and logistics) [6] impede the use of these 

materials. Geological complexity is of particular interest because it influences (1) 

the performance of recycled materials, (2) decisions regarding the need to formu-

late standard frameworks to convert and use these materials for construction, and 

(3) the economic and environmental implications if the materials are landfilled be-

cause of low-quality performance. Therefore, advances toward their use in con-

struction have been slow in various parts of the world.  

The lack of mandatory regulations and supervision regarding legislative 

policies is a significant issue, as many countries have not yet implemented them. 

As a result, the responsibility of determining the fate of these materials is left solely 

in the hands of developers and contractors. For example, in New York City, an 

estimated annual cost of 60 million USD is incurred because of non-existent poli-

cies for complete retention and on-site use [13]. In addition, other scenarios that 

require permit applications to perform risk assessments do not have a harmonized 

application procedure [6].  

Some studies used material flow analysis to design the life cycle chain of 

materials, including recycling and disposal [14, 15]. A specific focus on the flow 
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of input and output is regarded as an essential management design, given its con-

sistency with the mass balance concept [16]. To manage construction waste, some 

researchers have used this model to project increased generation in the future [17-

21]. This means that the descriptive flow of excavation materials from construction 

operations necessitates the expansion of waste management or treatment capacities 

and increases the utilization options if properties and suitability for infrastructure 

are established.  

This study focuses on this concept by evaluating the technical performance 

of recycled aggregates derived from excavation materials and other sources. In 

addition, this study investigated the chemical and mineralogical influences based 

on local geology and their effect on performance. Using this approach, this study 

lays the foundation for describing the influential parameters and how materials 

may be mixed to establish stabilized results from which end -users may refer dur-

ing the selection process. This approach leads to a more sustainable use of re-

sources because a large volume of excavation materials may be used.  

 

1.3 Selected approach for mechanical characterization  

 

The selection and application of materials in unbound construction primarily de-

pend on their mechanical and geometric properties. Unbound granular materials 

(UGMs) provide a sufficient structural response to traffic loads in flexible pave-

ments. The feasible application of excavation materials for unbound construction 

requires that these materials pass criteria assessments and withstand common prob-

lems associated with unbound construction such as, frost-heave damage, fatigue 

cracking, rutting, and depressions [22, 23].  

In Norway, the road construction guide describes the Los Angeles test (LA), 

micro-Deval test (MD), and other geometric properties, including flakiness index 

(FI) and particle-size distribution (PSD), which constitute the criteria for the per-

formance assessment of UGM. Table 1 lists the quality requirements for base layer 

materials where the mechanical strength is characterized by the assessment of frag-

mentation and wear resistance. Furthermore, function-based repeated load triaxial 

tests (RLTTs) are beneficial for investigating the deformation (stiffness and per-

manent strain) properties of unbound aggregates under rapid repeated loading [24-
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36]. Considering this, the general focus on characterizing the strength of the UGM 

may be linked to its impact on seasonal climatic conditions (moisture, frost, and 

temperature) and stress distribution [37], which can only be achieved in real full -

scale applications.  

One important observation is that while the Norwegian road criteria recom-

mend the application of recycled aggregates, the use of excavation materials (re-

cycled) is only allowed in the subbase, compared to recycled crushed concrete, 

which also constitutes the description of materials and is applicable in both the 

base and subbase layers. Furthermore, the traffic groups in the regulation are cat-

egorized from low to heavy traffic, following the orders A, B, C, D, E, and F (see 

Table 2 for details). Traffic group A was designated as low -traffic roads, side-

walks, bicycle lanes, and parking lots. Traffic groups E and F were designated as 

highways. The LA and MD criteria for recycled materials applied in traffic group 

A are  ≤ 40 and ≤ 25, respectively. In traffic groups B to F, the specified criteria 

for LA and MD for recycled materials are ≤ 35 and ≤ 20. Recycled aggregates from 

excavation materials and other construction work (denoted as Bm in the regula-

tions) are recommended in traffic groups A to D as recycled crushed concrete 

(Gjb), as shown in Table 2. Crushed rock was the only material allowed in  traffic 

groups A to F.   
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Table 1 Material properties and quality requirements for (Gk) crushed gravel, (Fk) 

crushed rock, and (Gjb) crushed concrete in N200 (2022 edition) [38].  

Base layer requirement                                                                 

    

Material properties  Quality requirement  

 

Mechanical strength   

Los Angeles value ≤ 35 

 

Micro-Deval value ≤ 15 

 

Humus content  

Humus content for crushed gravel  < 1% 

 

Geometrical properties  

Flakiness index  ≤ 25 

 

Grain grading   

Maximum fines content (˂ 63 μm)  

 

0/22 (Gk &Fk)  

0/32 (Gk, Fk & Gjb) 

≤ 7% 

 

 

0/45 (Gk, Fk & Gjb) ≤ 5% 

 

0/63 (Fk & Gjb) ≤ 3% 

 

 

 

 

Table 2 Traffic groups for base and subbase layers in relation to the number of equiva-

lent 10 tons axles.   

Traffic 

groups  

Equivalent  

of 10 tonnes axles (N) 

Traffic group base layer Traffic  

group subbase 

Type of 

mate-

rial 

Upper 

support 

base 

layer 

Lower 

support 

base 

layer 

Type of 

material 

Subbase  

A < 500 000 Fk A A-C G A 

B 500 000 – 1 000 000 Ag A-F A-F Gk A-C 

C 1 000 000 – 2 000 000 Ap A-C A-F Fk A-F 

D 2 000 000 – 3 500 000 Gja A-C A-D Gjb  A-D 

E 3 500 000 – 10 000 000 Ak A-B A-D Bm A-D 

F ˃ 10 000 000       

Ag represents asphalt gravel  
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Ap and Gja represent asphalt crushed stone and recycled crushed asphalt, respectively 

Ak represents crushed asphalt 

G represents gravel, and Gjb and Bm are crushed concrete and excavation material  

N and traffic groups were determined based on the average number of heavy vehicles 

(ÅDTT). 

 

 

In view of quality improvement, a new study proposing composition criteria 

and requirements for recycled aggregates applied in road construction in Norway 

is presented in Table 3. This study highlights four classifications based on differ-

ences in the source material. These included crushed concrete (Gjb I), excavation 

materials (Gjn I), mixed proportions of crushed concrete and excavation materials 

(Gjbn I), and a concrete and brick mixture (Gjb II). Gjb I and Gjn I are character-

ized by high MD coefficients ≤ 15%, which indicate potential applications in roads 

with high mean traffic roads, and currently the Norwegian Roads Public Admin-

istration has allowed Gjb I and Gjn I (i.e., Bm) in traffic group D. 

 

Table 3 Proposed classes for N200 in composition and requirements for recycled materi-

als [39] 
Material and 
test classifica-
tion  

Material composition 
Gjb I 
 
Rc90, Rb10-, Ra5-
, Rg2-, X1-, FL5- 

Gjn I 
 
Ru90, Rc5-, Rb5-, 
Ra5-, Rg2-, X1-, 
FL5- 

Gjbn I 
 
Ru50, Rc50-, 
Rb10-, Ra5-, Rg2-
, X1-, FL5- 

Gjb II 
 
Rcub90, Rb40-, 
Ra5-, Rg2-, X2-, 
FL5- 

Rc ≥ 90 % < 10 % < 50 % - 

Ru - ≥ 90 % ≥ 50 % - 

Rb ≤ 10 % < 5 % < 10 % ≤ 40 % 

Rc + Ru + Rb - - - ≥ 90 % 

Ra ≤ 5 % ≤ 5 % ≤ 5 % ≤ 5 % 

Rg ≤ 2 % ≤ 2 % ≤ 2 % ≤ 2 % 

X ≤ 1 % ≤ 1 % ≤ 1 % ≤ 2 % 

FL ≤ 5 cm3/kg ≤ 5 cm3/kg ≤ 5 cm3/kg ≤ 5 cm3/kg 

Oven-dried den-
sity ≥ 2000 cm3/kg ≥ 2100 cm3/kg ≥ 1800 cm3/kg ≥ 1500 cm3/kg 

Saturated and  
surface-dried 
density 

≥ 2100 cm3/kg ≥ 2200 cm3/kg ≥ 2000 cm3/kg ≥ 1800 cm3/kg 

Water  
Absorption < 10 % < 5 % < 10 % < 20 % 

LA ≤ 35 % ≤ 35 % ≤ 35 % ≤ 40 % 

MD ≤ 15 % ≤ 15 % ≤ 20 % ≤ 25 % 

Rc, concrete, concrete products, mortar, and concrete masonry units 
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Ru, unbound aggregate, natural stone, hydraulically bound aggregate 

Rb, clay masonry units (i.e. bricks and tiles), calcium silicate masonry units, aerated non 

-floating concrete 

Ra, bituminous materials  

Rg, glass 

X, cohesive (i.e. clay and soil) miscellaneous: metals (ferrous and non-ferrous), non -

floating wood, plastic and rubber, and gypsum plaster 

FL, floating material in volume 

 
 

The LA test is one of the fundamental tests used to investigate aggregate 

resistance to fragmentation or crushing impact. Developed in the 1920s by the Mu-

nicipal Laboratory of Los Angeles [40], this test has gained wide acceptance and 

is well established in several standards worldwide. The test is performed on spe-

cific aggregate gradations based on the application purpose (e.g., road or railway 

ballast) and in a dry state. In the 1950s, the Norwegian Public Roads Administra-

tion (NPRA) first used the test to investigate ballast materials [41]. EN-1097-2 is 

the European standard, and AASHTO T-96 (American Association of State High-

way and Transportation Officials) and ASTM-C131 (American Society for Testing 

and Materials) are the North American test procedure standards. An example of 

the maximum LA values reported for different road design codes for various ap-

plications are presented in Paper A. 

The MD test was developed in the 1960s in France and was used to inves-

tigate the wear resistance of rock aggregates [42]. Some similarities exist between 

MD and LA, such as the size range of the test sample. MD is performed under 

moisturized conditions. Changes in the form, texture, and angularity commonly 

occur because of the wear of mineral components in traffic; hence, the MD test 

best describes the wear resistance of aggregates under these conditions [43]. Some 

authors have mentioned that compared to LA, the MD test correlates with the con-

ditions that occur in the field [44-46]. Applicable standards, denoted as ASTM-

D6928, AASHTO T327, and EN-1097-1, specify the MD test procedures in North 

America and Europe, and an example of the maximum MD values for different 

applications is presented in Paper A.  
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1.4 Research objective  

 

The main research objective of this thesis is to demonstrate how final recy-

cled aggregates from excavation masses and other sources can be intermixed and 

used in unbound applications, and in quantities higher than current production lev-

els. A comprehensive multidisciplinary approach is used to characterise the prop-

erties from a physical, mechanical, and geochemical perspective. The main objec-

tive was further divided into specific objectives which have been addressed in the 

four journal papers included in the thesis: 

 The influence of geology on the mechanical performance of rock ag-

gregates (Paper A). This essentially compensates for the global synthesis of geo-

logical influences, which may be suitable for end -users during material selection 

and mechanical characterization.  

 The mechanical performance of excavation materials mixed with 

other rock materials and the effects of intrinsic geological properties (mineralogy 

and chemical composition) (Paper B and Paper C). This involved investigating 

how changes in the source affect the overall performance by establishing the tech-

nical performance of mixed materials and illustrating the tolerable amount of for-

eign rock materials that may be substituted.  

 The performance of final recycled aggregates from concrete sludge 

using the Re -Con Zero dry washing technology and applied as feedstock in wet 

recycling excavation materials (Paper D). The goal was to investigate the tech-

nical performance of recycled aggregates from these sources in separate and mixed 

conditions and identify the environmental properties with respect to chemical con-

stituents by comparing them with Norwegian waste regulations. This approach can 

contribute to the sustainable use of recycled materials. 
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2. Geological influences on the performance of mixed recy-

cled aggregates 

 

To select high -quality rock materials, it is desirable to have some 

knowledge of local geological conditions which entails the degree of alteration in 

mineral features and textural characteristics by weathering and hydrothermal ac-

tion. Such a preliminary assessment could lead to general knowledge for improv-

ing the properties, if required [47]. The influence of geology on rock performance 

has been extensively studied by various researchers. Some studies date back to the 

1970s and the 1980s [48, 49]. Given that the scope of geological factors is wide 

and related investigations of their influences differ, it is essential to create a global 

synthesis of influential factors, recognizing that rocks of the same group could 

have different mineralogical and textural properties [47, 50]. In the illustration of 

the use of recycled materials from different sources for the same purpose as con-

ventional rocks, this is particularly important given the scope of the local geology. 

Considering this, Paper A presents a state-of-the-art review of the influence of 

geological properties, (i.e., mineralogy, grain and crystal size, grain shape, and 

porosity), on the LA and MD performances of rock aggregates.  

 

2.1 Performance related to mineralogy 

 

In the case of mineralogy, the distinct roles of primary and secondary min-

erals were discussed. In short, primary minerals are formed during the solidifica-

tion of magma; hence, they are the main minerals that geologists use to determine 

the rock type. Secondary minerals are formed by the alteration of  primary minerals 

through weathering or hydrothermal actions [51]. The inherent characteristics of 

any mineral in the aforementioned groups provide information on its performance 

behavior. The findings of this study show that the fundamental roles of primary 

minerals, such as quartz, feldspar, and mica are intrinsically linked to LA and MD 

performances. Regarding, the degree of influence, emphasis has been placed on 

the dominance of quartz and the proportionality of quartz and feldspar [52-55]. 

These two minerals had hardness values of 7 and 6, respectively, based on the 
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scratching resistance on the Mohs mineral hardness scale. Nonetheless, one obser-

vation was that the role of quartz or both minerals in determining the strength per-

formance did not always follow a consistent pattern [56]. Other studies that em-

ployed different test methods have also reported similar narratives, although these 

were less common. A study that explored the influence of quartz or the quartz-

feldspar ratio on the compressive strength of granite rocks concluded that there is 

a tendency for strength to decrease as the amount of quartz decreases [57]. Another 

study that investigated the influence of mineralogy found that compared to quartz, 

K-feldspar had no relationship with compressive strength [58]. It has been men-

tioned regarding both minerals that the absence of a cleavage structure in quartz 

contributes to increased strength, and in feldspar, the development of micro -fis-

sures and cleavage patterns generally decreases the compressive strength [59]. 

Similarly, negative correlations between quartz and K-feldspar and the perfor-

mance of igneous rocks have been reported [60]. In the same study, strong corre-

lations were observed between plagioclase and igneous rocks. For sedimentary 

rocks, an initial increase in strength was observed, which later decreased as the 

content of plagioclase increased. Further reduction in strength with increasing 

quartz content and little correlation with the content of K-feldspar were also re-

ported [60]. These findings have resulted in attempts to distinguish between the 

different roles of quartz and feldspar minerals in assessing mechanical perfor-

mance. One study reported different encounters in relation to the failure mecha-

nism of rocks and concluded that K-feldspar influences the tensile strength, 

whereas quartz has a profound effect on the compressive strength [61]. This justi-

fies the importance of studying other textural characteristics to gain a broad under-

standing of the behavior and influence of local geology. 

This study also discusses the issue of disposition or mineral alignment clas-

sified by crystal size and features, as essential components in mineralogy. For ex-

ample, rocks characterized by a degree of foliation develop cleavage patterns that 

promote breaks along weak parts. These developments occur during the alteration 

process, including changes into primary minerals due to chemical weathering or 

hydrothermal action. Other specifically altered geological characteristics resulted 

in the development of secondary minerals.   

 Further discussions on the effects of secondary and accessory minerals also 

showed that it is only appropriate to reach conclusions based on quantity. This adds 

to the reported findings that ≤ 20% of mica does not significantly affect the strength 
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performance, and Figure 3 in Paper A shows a specific pattern of reported LA 

performance of rocks composed of less amount of mica related minerals (i.e., bio-

tite and muscovite). Similar developments are observed in Paper B. In this case, 

minerals constituted by a low amount of secondary but high primary content may 

be described by the ratio of secondary to primary minerals [50]. Although the in-

fluence of mica is generally known, it has been claimed that the mineral has no 

direct effect on strength properties particularly LA. However, when the mineral 

forms a plane foliation, it creates mechanically weak discontinuities and leads to 

fracture propagation along the path of orientation [62]. This may explain why one 

study referred to the distribution and structural formation of grain boundaries as  

factors in decisions regarding its effect [63].  

Other findings reported in this study include the impact of the test methods 

(i.e., LA and MD), on the degree of crushing and wear of the mineral components. 

This is particularly essential, given that minerals behave differently in different 

test methods, as previously mentioned. Simple correlation coefficients have 

mainly been used to describe the relationships among different rock types [50, 64-

66].  

 

2.2 Performance related to textural composition 

 

Compositional textures in grains and crystal sizes with varying dispositions 

and layer arrangements contribute to resistance to crushing and wear impact. Gen-

erally, the micro -crack development that appears in the intragranular region of the 

texture can further propagate into major cracks and lead to disintegration. Thus, 

typical grain sizes forming fine -to -medium grained textural feature were  < 1 mm, 

whereas rocks composed of multiple textural features were characterized by weak 

boundary interlocks, which was also reflected in the performance. In a model-

based investigation, mineral grains were found to significantly affect crack propa-

gation paths [67]. This description shows the orientation of the matrix and fits the 

description of the dynamics of the transformation that may have occurred during 

development. Compared to mineralogy, where rocks (granite into granite gneiss) 

can have similar mineralogical components after transformation, the structure of 

the textural orientation (i.e., planer matrix) undergo significant changes.  
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Although good estimates are derived in terms of describing the grain and 

crystal sizes, quantitative analysis of the dispersion effect of these parameters may 

be challenging. In this context, the texture coefficient principle fit to describe the 

relationship between textural characteristics and the mechanical performance [68, 

69]. Nevertheless, the texture coefficient equation does not account for other im-

portant parameters, such as weathering, and altered minerals, matrix type, and min-

eralogical composition [69].  

At the macro -structural scale, the morphological shape descriptor (i.e., 

grain shape) was found to be the most important parameter. The shape descriptor 

was classified by three main features (form, surface texture, and angularity), show-

ing the independent effects to these parameters on the behavior under crushing or 

wear impact. In this case, it is essential to emphasize that both LA and MD play 

critical roles, given the relationship between changes into particle morphology and 

test duration. One conclusion is that the apex region of rocks defined by angular 

features is more likely to experience rapid degradation than those defined by the 

form and surface texture. Similarly, in a recent study that explored the character-

istics of grains between fresh and used railway ballast, the authors demonstrated 

that particles of a more angular shape have asperities (roughness) that are more 

prone to damage than particles characterized by a less angular shape [70]. These 

findings may be related to the effect of elongated and flaky particles, which con-

firms the reasons for considering rocks with a low flakiness index for roads, and 

concrete applications [71-73]. Another noteworthy observation is that after 90 

minutes of the MD test, the grain breakages did not appear to significantly change 

to the grain size distribution [70]. Such a response shows the wear resistance be-

havior of the rocks. Generally, unlike the direct crushing impact of LA, which 

leads to particle fragments, the wear impact of MD leaves distinct visible features 

on any of the scale dependencies (i.e., form, angularity, or surface texture). Both 

methods contribute to mass loss and affect the LA and MD strengths.  

This study created a synthesis of the most essential geological features and 

their impact on the mechanical performance, highlighting the importance of un-

derstanding these characteristics in detail particularly for excavation materials 

which is diverse in composition and performance. In addition, the study high-

lighted that the assessment of the impact of local geology should be based on the 

global nature of geological features and not just a few identified textural parame-

ters.  
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3. Fragmentation and wear resistance of recycled mixed 

materials 

 

3.1 Performance related to changes in the source  

 

As previously mentioned, different sources of materials in recycled excava-

tion materials account for variations in the strength performance [34, 74]. This 

limits extended use of the final product. Specific demonstrations of mixing mate-

rials with varying performance in quantities suitable for achieving higher strength 

are optimal, given that most of these mixtures are well suited for road and concrete 

applications [28, 32, 34, 75, 76]. This approach contributes to the development of 

a control framework and tolerance values crucial for selection.  

In this study, a demonstration of mixed criteria of recycled excavation ma-

terial (REM) with recycled phyllite material (RPM) and other materials in varying 

quantities were demonstrated. The mechanical performance of the mixtures was 

investigated using the LA and MD tests. These tests constitute the standard proce-

dure for investigating the materials used in road construction and concrete produc-

tion. The LA test assesses the degree of resistance to fragmentation or crushing, 

whereas the MD test assesses the degree of resistance to wear. Detailed test meth-

ods are described in both Papers A and B, together with diagrams illustrating the 

test set -up. 

 

3.2 Mixing of materials  

 

The mixing part consisted of selected materials, such as RPM, porphyritic 

granite (PGr), limestone (Lim) and REM. Therefore, RPM was mixed with REM 

and PGr, as shown in Table 4. Considering that REM may be used in unbound 

applications, limiting the RPM is essential. Hence, in this context, mixing RPM, 

which is characterized by phyllosilicates (mica and chlorite) with REM or other 

materials helped establish a mix ratio suitable for satisfactory performance.  
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The fractions indicated by < 1.6 mm and > 1.6 mm were collected for anal-

ysis of mineralogy. The minerals found in the pulverized part provided good in-

formation on the behavior of the mineral features in relation to the impact of the 

test method and how this influenced the global performance of the mixtures. Sim-

ilarly, limestone (Lim) was mixed with REM to investigate the effect of calcium 

carbonate minerals (CaCO3). 

 

Table 4 Mixing level of RPM and PGr in REM and fractions for X-ray diffraction 

(XRD) analysis 

Sample name Mix proportion 

RPM (%) 

The fraction used for 

XRD 

RPM(4/16) 100 4/16 mm 

RPM100  100 ˂1.6 mm after LA 

RPM100(˃1.6) 100 ˃1.6 mm after LA 

RPM100 MD   100 ˂1.6 mm after MD 

PGr100   100 ˂1.6 mm after LA 

RPM80-REM20 80 ˂1.6 mm after LA 

RPM60-REM40 60 ˂1.6 mm after LA 

RPM40-REM60 40 ˂1.6 mm after LA 

RPM20-REM80 20 ˂1.6 mm after LA 

RPM80-PGr20 80 ˂1.6 mm after LA 

RPM60-PGr40 60 ˂1.6 mm after LA 

RPM40-PGr60 40 ˂1.6 mm after LA 

RPM20-PGr80 20 ˂1.6 mm after LA 

REM(4/16) 0 4/16 mm 

REM100  0 ˂1.6 mm after LA 

REM100(˃1.6) 0 ˃1.6 mm after LA 

REM100 MD  0 ˂1.6 mm after MD 

 

 

The LA and MD performances of the mixtures in Table 4 are shown in 

Figure 1.These values were compared with the criteria for the base and subbase 

layers in Norway. The LA values for REM, RPM and Lim in the pure state were 

28%, 26%, and 33%, respectively, whereas the MD values were 6%, 26% and 

29%, respectively. In addition, the LA and MD of PGr have been reported to be 

18% and 9%, respectively. From this standpoint, both RPM and REM showed sim-

ilar LA performances; however, the MD varied considerably. The MDs of both 

RPM and Lim were the critical parameters since the values did not meet the  ≤ 15-

20% limit value established in the Norwegian Road Construction Guidelines [38]. 
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A previous study reported a similar LA value of 25% for quartz phyllite obtained 

from tunnel excavation [77]. 

In another study, the LA of phyllite was 17%, indicating a good resistance 

to fragmentation, and compliance with most LA requirements for aggregates [78]. 

Generally, the performance of phyllites varies from low to moderate depending on 

the development of schistosity [79].  

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 1 LA and MD performance of a) RPM premixed with REM, b) PGr premixed 

with REM, c) Lim premixed with REM, and d) RPM premixed with PGr. 

 

At the mixing level of RPM with REM, a 40% mix ratio of RPM could be 

tolerated in REM to achieve satisfactory MD performance (Figure 1a). Thus, the 

mixing approach was effective in maximizing the use of the weakest material,  

-RPM. Studies that have reported the performance of materials obtained from ex-

cavation activities in most cases have shown considerable differences in LA and 
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MD [34, 56, 80]. In one specific case, linear trend distributions were established 

to describe the relationship between hard and weak excavated rocks, which had 

been mixed in different quantities [34]. The resulting distribution highlighted low 

performances with an increased content of weak rocks. In Figure 1b, PGr was 

mixed with REM and the performance showed the competitiveness of REM 

against a hard rock material such as PGr, since no significant variation in the MD 

results was shown, compared with the LA. A previous study reported the LA per-

formance of five PGr rocks with different textural characteristics within the range 

of 25-28% [54], which is similar to the LA of REM obtained in this study. At this 

point, REM has a competitive edge given its sustainability (i.e., economic, and 

environmental benefits). 

The other mixture produced in this study comprised of limestone and REM 

( Figure 1c). It was convenient to introduce Lim in the mix given that excavation 

materials collected from the field may be composed of carbonated concrete prod-

ucts. Lim contains a significant amount of calcium carbonate (CaCO3), and in this 

context, the effect of CaCO3 on performance was assessed. Based on the results 

shown in Figure 1c, the MD value is significantly high, indicating a lower re-

sistance to wear by Lim compared to REM. Considering this, maximum premixed 

level of the two materials indicated that as high as ≤ 40% of limestone was appro-

priate to comply with MD limit value. This indicates that the crushed concrete 

materials intermixed in REM comply with the MD limits because carbonated 

crushed concrete does not contain high CaCO3 equivalent in a 40% mixture with 

limestone. Figure 1d shows the LA and MD performances of RPM and PGr. The 

results showed that MD is a critical parameter in RPM, and the maximum RPM 

content must be limited to approximately 20-30%.  

 

3.3 Hard and weak mineral constituents in mixed fractions  

 

The diffractograms from the X-ray diffraction (XRD) analysis on fine frac-

tions < 1.6 mm and  > 1.6 mm after LA and MD following the outline in Table 4 

are shown in Figure 2. The diffractograms for the RPM showed biotite, muscovite, 

microcline/orthoclase, anorthite, and chlorite as the main minerals. The intense 

peaks of mica and chlorite observed in RPM were expected owing to the geological 
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nature of the material. In contrast, REM showed quartz, clinochlore, microcline/or-

thoclase, and plagioclase as dominant minerals and a lower quantity of mica and 

chlorite. The diffractograms of the PGr samples were similar to those of the REM, 

except that a distinct mica peak was observed.   

For the RPM-REM mixtures, the increased peaks of mica and chlorite 

matched the increased amounts of RPM. Regarding mechanical strength, both min-

erals clearly showed less resistance to LA crushing. Similarly, the RPM-PGr mix-

tures showed weak mineral accumulation in the pulverized fraction. The general 

influence of weak minerals, such as mica and chlorite, on LA and MD performance 

of rocks was extensively demonstrated in Paper A. Conclusions reached in this 

context state that the extent of effect by phyllosilicates depended on the amount 

present (e.g., ≤ 20%), structural formation, and distribution of the grain boundaries 

[47, 80].  

This study further highlighted the relationship between the test methods and 

minerals in the REM and RPM, as shown in Figure 10 of Paper B. Compared with 

LA, increased peaks associated with the wear of mica and chlorite in the MD test 

were observed. A probable explanation is that (a) the wear nature of the test method 

and (b) the moisturized condition of the test enhanced the wear effect. Accord-

ingly, the degree of wear in MD tests depends on the mineral contents [81]. It is 

important to emphasize that the conclusions reached in this case has been found 

by some authors regarding the relationship between MD and minerals found in 

other rock sources [66, 74, 80].   
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(a) 

 

(b) 

 

Figure 2 X-ray diffraction results showing mineral accumulation and changes in the 

fine fraction (<1.6 mm) after the LA test of (a) RPM-REM and (b) RPM-PGr blends, 

marked with the prominent peaks of the main mineral phases (Chl = chlorite, Mi = 

mica, Fs = feldspar, and Qz = quartz).* indicates an artefact (“ spottiness”) caused by 

abnormal high intensity of a large grain in diffraction position (here quartz). Peaks 

around 11⁰ 2θ observed in some diffractograms might be associated with cyclosilicate 

minerals (e.g., cordierite/indialite). 
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4. Mechanical properties of recycled mixed materials 

 

4.1 Resilient modulus  

 

The resilient modulus MR parameter provides information on the material 

stiffness at different load levels. The MR is expressed as: 

 

MR =
σd

ɛr
,                                                                                                         (Eq. 1) 

 

where σd is the applied deviatoric stress given as the difference between the re-

peated axial stress σ1and confining pressure σ3, and ɛr is the resilient axial strain 

[36, 82]. The stress state, including the confining pressure acting in all the direc-

tions, is as shown in Figure 3. The application of the deviatoric stress followed a 

sinusoidal pattern, which increased stepwise at each stress state exerted by the con-

fining pressure.  

 

 

Figure 3 Principal stresses in resilient modulus. 

 

In principle, both the resilient and permanent strain response under a mov-

ing wheel load are described as the (a) recovery to the original position after the 
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load is removed and (b) gradual accumulation to deformation, respectively. In an 

attempt to establish a performance-based response for the behavior of REM and 

RPM blends, RLTT was performed in Paper C. The objective is to determine the 

effect of the RPM on the deformation behavior of the blends.  

The k-θ model by Hicks and Monismith describes the relationship between 

MR and θ and is assessed by numerical regression. In this case, θ represent the sum 

of the principal stresses [83], and the model is described in (Eq. 2).   

 

  MR  = k1 σa (
θ

σa
)

k2

 ,                                                                                    (Eq. 2) 

                             

where σa is the reference pressure set as 100 kPa, the bulk stress θ is the sum of 

the principal stresses, and k1 and k2 are regression parameters. In the present study, 

RPM was substituted with REM at 0%, 25%, 50%, and 100%, and the stiffness 

behaviour was assessed by Hicks and Monismith’s models as shown in Figure 4 .  

  

 

Figure 4 Resilient modulus of REM and RPM in blended and unblended condition 

based on Hicks and Monismith’s model. 

 

The stiffness responses of the pure and blended materials significantly var-

ied. Based on the performance trend, REM100 is stiffer than RPM100. This obser-
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vation demonstrates the potential of resisting traffic impacts under unbound con-

ditions. Here, particles became well compounded to effectively receive and trans-

fer loads through a particle-to-particle contact medium. This is related to the stress-

hardening effect in granular materials, given the high MR values at a high axial 

stress and constant confining pressure [84].  

An interesting observation was the stiffness behavior of the materials at θ 

of 100 kPa. Within this range, the RPM stiffness was slightly higher. This behavior 

may be due to the steady packing density and re-orientation at the early stages of 

compaction because the RPM with a high flakiness index (FI) was characterized 

by a large surface area. Hence, compared with the REM with an FI of 12%, the FI 

of RPM was found to be 31%. Paper B reported other physical and mechanical 

properties of both materials. The stiffness behavior of the materials indicated that 

the inherent material properties had a significant impact on performance.  

Regarding the blended mixtures, it was expected that the performance of 

the REM75 blends would lean toward REM100 and would therefore show higher 

stiffness behavior than the mixture comprising of REM50. Hence, the relationship 

between stiffness and θ was almost linear for REM75 and REM100 compared to 

RPM50 and RPM100. This shows an acceptable mix range for the RPM in the mix. 

This observation also confirmed the sensitivity of RPM in the blends as the content 

increased.  

This study further adopted Uzan’s model to demonstrate a three-dimen-

sional view plot of the stiffness behavior of the REM and RPM blends (Eq. 3) [85]. 

The model interpreted the resilient modulus by considering the shear loading effect 

[36]. Hence, the Uzan’s model presents the relationship among three essential pa-

rameters, (i.e.,  MR  θ and  σd)  [86].  

 

 MR  = k1 σa (
θ

σa
)

k2

(
σd

σa
)

k3

,                                                                           (Eq. 3) 

 

where σa is a reference pressure that is set as 100 kPa, and k1, k2, k3  are regression 

parameters. In addition to these models, several others have been reported [36, 85]. 

From the three-dimensional view plot of Uzan’s model, the response pattern of the 

materials is similar to that of Hicks and Monismith’s modeled behavior. Figure 5 

shows the stiffness behavior obtained using Uzan’s model.    
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Figure 5  Resilient modulus of pure REM and RPM and blended mixtures by Uzan’s 

model. 

 

4.2 Permanent deformation  

 

The permanent deformation (PD) gradually develops with each load appli-

cation and mainly occurs in the base and subbase layers [87, 88]. Compaction, 

crushing, and material migration cause PD [89], and are characterized in two 

phases: (a) an initial rapid increase in permanent strain with load applications, and 

(b) the deformation rate becomes constant but with a volume change [90]. Con-

ceptually, predicting the PD allows the opportunity to limit the failure conditions 

[91], and several authors have modeled the characteristics of PD responses using 

analytical models, plasticity-based theory models, and shakedown theory [87, 88, 

92-94]. The shakedown theory is compared with the Coulomb criterion, which uses 

the Mohr -Coulomb parameters [95].  

In this study, the Coulomb criterion was adopted to investigate the behavior 

of the materials under consideration. The Coulomb approach presents the growth 

path of the PD in three different classifications (elastic, elasto-plastic, and failure) 

along with the loading cycles and stress conditions as shown in Figure 7 of Paper 
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C. The Coulomb criterion describes the mobilized shear strength for the develop-

ment of PD and the maximum shear strength to failure [96]. 

 The mobilized friction angle ρ(°) and incremental friction angle φ(°) ex-

press the degree of mobilized shear strength and maximum shear strength, respec-

tively, and are expressed by two boundary lines. These boundary lines illustrate 

the elastic and failure limits and equations 4 and 5 of Paper C are used to compute 

them. In Figure 6, the ρ(°) and φ(°) of REM and RPM are shown.  

 

(a) 

 

(b) 

 

  

(c) 

 

(d) 

 

Figure 6 Degree of mobilized shear strength ρ(°) and maximum shear strength φ(°) of 

(a) REM100, (b) REM75, (c) REM50, and (d) REM0. 

 

The results clearly show no significant variation in the mobilization of shear 

strength, represented by ρ(°). However, some observations were made regarding 

the maximum shear to failure φ(°) for REM50 compared with the rest of the sam-
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ples as the φ(°) was slightly lower. Although this was unexpected, it may be hy-

pothesized that the particles underwent slight changes in the position and structure 

during the testing. Considering this, one study attributed poor packing and changes 

in gradation to differences in the performance of mixed materials compared with 

the materials in pure state (unmixed) [97]. Generally, the φ(°)  value of REM50 

was closer to that of REM75 than to that of REM0. The trends in the reported limit 

lines for REM100 and REM75 are almost the same, which is related to the stiffness 

previously mentioned. The values for ρ(°) and φ(°) angles of both the materials are 

shown in Table 5.  

 

Table 5 Mobilized angle of friction ρ(°) and incremental angle to failure φ(°) for REM 

and RPM 

Sample Limit angles  

ρ(°) φ(°) 

REM100 30.4 69.7 

REM75 30.4 68.5 

REM50 30.4 66.4 

REM0 30.4 71.4 

 

 

4.3 Discussion  

 

This study demonstrates the potential use of REM with a small amount of 

mechanically weak rocks in unbound construction (base and subbase layers). This 

approach is more profitable from an economic and environmental point of view 

compared to the use of conventional materials. The resilient modulus results indi-

cate that only REM100 and REM75 exhibited higher elastic response, which was 

characterized by almost a linear trend as the θ increased. This behavior demon-

strates the stability of the materials with an increased number of load applications 

and agrees well with similar observations highlighted in previous studies [98, 99]. 

A general decrease in performance was observed when the quantity of RPM in the 

mixture increased. Similar findings were also highlighted in Paper B regarding 

the effect of RPM, hence acceptable criteria for LA and MD values were estab-

lished.  

Despite the variation in stiffness shown by the two materials in pure condi-

tions, the findings are in accordance with the results of previous  studies [26, 34], 
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that analyzed the behavior of recycled materials from tunneling. In addition, the 

stiffness values obtained in this study were comparable to those values reported in 

the Netherlands for natural aggregates (100-400 MPa), mixed recycled aggregates 

(150-250 MPa), mixed recycled aggregates (400-600 MPa), and recycled concrete 

aggregates (600-800 MPa) [100]. Considering the values for recycled aggregates 

reported in the aforementioned study, the θ range within which the stiffness was 

calibrated was not provided. For similar considerations on the stiffness perfor-

mance of REM in Figure 4, calibrating the stiffness values within 250-800 MPa 

would be within a θ range of 100-600 kPa.  

In another study, the MR values of recycled concrete aggregates (RCA) was 

reported in the range of 239-357 MPa, 487-729 MPa and 575-769 MPa at different 

moisture contents [101]. The same study produced values for crushed brick and 

waste rock. After comparing the overall performance to quarry materials conclu-

sions were reached that at 70% optimal moisture content, the peak performance of 

RCA with MR of 575-769 MPa was higher than 280-519 MPa for the crushed brick, 

127-233 MPa for the waste rock, and 175-400 MPa for the quarry material [101]. 

Mixed recycled aggregates composed of concrete and mortar, ceramic and crushed 

rocks produced MR of 160-500 MPa within a θ range of 100-1000 kPa, and the 

authors mentioned that the performance is similar to that expected for crushed rock 

[102]. Furthermore, another study investigated the stiffness of two RCA and com-

pared their performance to quartzite rocks and the results showed that the stiffness 

of RCA varied between 490-1010 MPa, and 480-685 MPa for quartzite rocks 

[103]. Generally, RCA yield considerably higher stiffness values than other aggre-

gates as demonstrated in the aforementioned studies. This phenomenon has been 

attributed to the effect of self-cementing properties which are time dependent [104-

106], and might be due to the further hydration of the unreacted inner parts of the 

cement grains.  

In conclusion, the REM used in this study demonstrated appreciable stiff-

ness and deformation responses comparable to those of RCA. This provides an 

opportunity to promote the increased use of REM and boost the confidence of end 

-users. In cases where REM  comprises of mechanically weak rocks, such as RPM, 

this study has shown that an intermix of REM and RPM is feasible; however,  con-

siderable limitations on the content of RPM should be prioritized.  
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5. Developing recycled aggregates with Re-Con Zero Tech-

nology  

 

5.1 Dry washing with two-component admixture 

 

Re -Con Zero technology comprises of two-component admixture (i.e., 

high-water absorbing polymer and aluminum sulphate). Mixing the product with 

returned concrete (left over concrete in the drums of concrete trucks) facilitates 

hardened concrete which can easily be crushed into aggregates that can be used to 

dry wash the drums of concrete trucks [107]. The sizes of the dry-washing aggre-

gates increased through agglomeration as the number of dry-washing cycles in-

creased (Paper D). The aggregates generated by this process are characterized by 

their mechanical and geometric properties, making them suitable for reuse in con-

crete and unbound applications. It is estimated that this approach saves approxi-

mately 40 times more CO2 emissions than landfill disposal [108], and reduces con-

crete sludge by 80% [109]. In this study, recycled aggregates produced using the 

Re -Con Zero technology (RCZ) were used as feedstock for the wet recycling of 

excavation materials (EM), and the technical and environmental properties of final 

product were assessed. Table 6 lists the mixing ratios of the materials fed into the 

recycling facility. A detailed description of the samples is provided in Paper D. 

This approach demonstrated the sustainable use of resources and broadened the 

scope of recycled materials under separate and mixed conditions for concrete and 

other civil engineering applications. 

 

Table 6 Samples collected with the mix ratio given in volume (%) 

Sample  Wet pro-

cessing 

RCZ EM  

RCZ-F0 No - - 

RCZ-F No - - 

RCZ0 Yes  0 100 

RCZ50 Yes  50 50 

RCZ100 Yes  100 0 

 



 

27 

 

5.2 Physical and geometric properties  

 

The composite layer of cement paste attached to the surface of the embed-

ded aggregates was crucial for the gradation of the grain particles. The size distri-

bution variations were observed to be dependent on the curing time of paste com-

posite. This is because the recycling process, involving washing, scrubbing, elim-

inates the loose paste content. The particle -size distribution is shown in Figure 7. 

Some differences were observed between the feedstock RCZ-F0 and RCZ-F from 

UiA. This variation may be related to the storage conditions in both cases. The wet 

-processed materials were fractionated at 4/16 mm from the production line. 

 

     (a) 

 

     (b) 

 

Figure 7 Particle-size distribution of materials: UiA (a), and Velde (b). 

 

This study further assessed the particle density and water absorption perfor-

mance (see Table 2) of Paper D. Remarkable differences in water absorption val-

ues were observed. For the treated materials, lower values were recorded as RCZ 

increased. This was expected given the treatment efficiency of the wet technology 

which resulted in the removal of poorly cured paste from the grain particles. Re-

garding the feedstocks, the storage time also contributed to performance variation. 

Generally, although it is known that the paste content increases the water absorp-

tion of recycled aggregates from concrete waste [110, 111], the results obtained in 
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this study were optimal and comparable to those of other recycled aggregates from 

concrete sludge [112]. The particle density results demonstrate a similar trend of 

increasing density with increasing RCZ content. In this case, by comparing the 

values obtained from the two test sources UiA and Velde,  the results did not sig-

nificantly vary from each other.  The values obtained for excavation materials are 

consistent with those results obtained in another study [113].  

 

5.3 Mechanical characterization by Los Angeles and micro-Deval 

test  

 

The applied technology is effective in transforming returned concrete 

sludge into recycled aggregates with excellent characteristics and properties. Con-

sidering the mechanical properties analyzed by the Los Angeles and micro-Deval 

tests and shown in Table 7, a clear trend of increased strength with increasing RCZ 

content can be observed. This demonstrates that RCZ is a high-quality material; 

hence its performance is comparable to typical values for natural aggregates found 

in Norway [113]. It is generally known that paste content significantly influences 

the mechanical strength of recycled aggregates from concrete waste [114-116]. In 

this case, the improved quality of the RCZ can be attributed to the application of 

the Re -Con Zero admixture, curing conditions and the applied treatment. In addi-

tion, it may be mentioned that the natural aggregates used in the parent concrete 

demonstrated excellent mechanical strength (i.e., resistance to crushing and wear). 

This observation was well reflected in the performance of the feedstocks where the 

amount of paste appeared to be the only variable that influenced the performance. 

Nevertheless, the pattern of the soluble content measured by the paste content in 

the materials demonstrated that a fraction of the well -cured paste was still present 

in the RCZ after processing, which was observed in the acid solubility results. In 

contrast, the slight difference in the performance of the feedstocks may be related 

to the positive effect of carbonation on improving the micro-structure of interfacial 

transition zone (i.e., the weakest region in concrete) [114, 117]. This may have 

slightly occurred in the materials tested at Velde, because they were stored in an 

open environment for a longer period. Calcium carbonate (CaCO3) occupied the 

pore spaces within the paste to densify the open pores, thereby reducing the water 

absorption capacity [118]. Therefore, it is not surprising that the water absorption 
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values (as discussed in Section 5.2) were lower for the RCZ tested at Velde than 

for those tested at UiA. The study also demonstrated that a tolerable amount of 

high-quality RCZ could be mixed with excavation materials without compromis-

ing the overall strength. This is in support to the findings of a recent study in Nor-

way that proposed  composition criteria and requirements for recycled aggregates 

from both sources applied in road construction [39]. In this framework,  LA and 

MD values of  ≤ 35% and ≤ 20%, and ≤ 40% and ≤ 25% are designed for mixtures 

of crushed concrete and excavation materials (Gjbn I), and concrete and brick (Gjb 

II), respectively.  

 

Table 7 Los Angeles and micro-Deval performance 

 

 

 

 

 

 

 

5.4 Solubility related to paste content in recycled aggregates  

 

An acid solubility test was performed to assess the amount of paste in the 

materials and the related effects on the mechanical performance. The test was per-

formed on samples before and after the Los Angeles test. Fine particles < 1.6 mm 

obtained after the Los Angeles test were used to identify the changing mechanism 

of calcium carbonates in the paste with respect to crushing. Details of the test can 

be found in Section 2.4 of Paper D. From the results shown in Table 8, the solu-

bility is proportional to the amount of RCZ. This observation also confirmed some 

quantity of properly cured paste on the RCZ samples after the wet treatment. In 

addition, the increased concentration of paste fragments in the fines  demonstrated 

that carbonate composites were one of the main minerals that disintegrated in high 

proportions during the crushing test (see x-ray diffraction analysis in Section 3.4 

of Paper D). Regarding the feedstocks, almost the same solubility rate was re-

ported, indicating the amount of paste in the original piles. These were higher 

Sample UiA Velde 

LA MD LA MD 

RCZ-F0 25 20 22 15 

RCZ-F 23 18 n.d.a n.d.a 

RCZ0 24 12 26 10 

RCZ50 22 10 24 11 

RCZ100 18 11 20 11 
aNot determined     
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quantities than those of recycled materials. Hence, it was not surprising that the 

Los Angeles values obtained for the original feedstock were almost the same. The 

excavation material was found to be insoluble, which was not surprising consider-

ing its inherent composition and characteristics. Its increased solubility was prev-

alent in small  fractions, as demonstrated in the samples denoted by LA. A similar 

observation was made at the study that analyzed the effect of particle size on paste 

content [119]. Evidently, the paste content in the fine fractions was higher than 

that in the coarse fractions at the production line of the recycling facility. This 

relationship is crucial when considering the differences in paste content due to the 

particle size of the same material. Hence, increased fractions of cement paste can  

be expected in the accumulated fines at recycling facilities.   

 

Table 8 Acid soluble contents (wt.%) in the samples with various particle size given as 

arithmetic mean ± 1 standard deviation, (n = 3) and (n=4, LA) 

Sample Acid soluble part 

(%) 

Standard deviation 

(%) 

RSD (%) 

RCZ-F0 13.29 0.19 1.41 

RCZ-F 13.80 0.05 0.35 

RCZ0 4.58 0.18 3.96 

RCZ50 8.27 0.41 4.96 

RCZ100 7.14 0.07 0.93 

RCZ0LA 9.46 0.28 3.00 

RCZ50LA 12.04 0.28 2.34 

RCZ100LA 18.53 0.68 3.66 

 

 

5.5 Environmental properties of recycled aggregates from concrete 

waste  

 

A concern with the use of recycled aggregates sourced from concrete waste 

is the potential leaching of toxic chemicals into soil and groundwater. Environ-

mental regulations and protocols have been designed to control the release from 

recycled aggregates. This study assessed the total chemical species present in the 

materials and compared their performance with the limit protocols established by 

the Norwegian Environmental Agency in Table 9. The applied test method is de-

scribed in Section 2.4 of Paper D. In general, low levels of chemical species of 

potential concern (COPC) were found in the RCZ. Increased elevations of Cu, Cr, 
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and Zn were observed in excavation materials. However, in the intermixed phase, 

this pattern changed at lower concentrations. The changes were due to the intro-

duction of the RCZ, which had previously recorded low values of these elements. 

Furthermore, feedstocks sourced from concrete sludge have low concentrations 

compared to excavation materials. Cr(VI) was consistently low in RCZ, indicating 

a low leaching response of Cr upon carbonation and a decrease in pH. In addition, 

it was observed that the recycling process played a significant role in reducing the 

amount of Cr(VI) in RCZ100 because slightly high levels were found in the origi-

nal feedstock. Furthermore, the total concentrations in the fine fractions < 1.6 mm 

obtained from the materials were within an acceptable range. This indicated that 

the content of chemically active species in the paste content. Overall, although 

these results are promising, they demonstrate the environmental advantages of re-

cycled materials under separate and blended conditions.   

 

Table 9 Content of COPC in the materials compared to Norwegian criteria for concrete 

waste. Concentrations are given in mg/kg. 

Element  RCZ-

AF0 

RCZ-

AF 

RCZ 

0 

RCZ 

50 

RCZ 

100 

RCZ 

0LA 

RCZ 

50LA 

RCZ 

100LA 

NEA 

limita 

As <3 <3 <3 <3 <3 <3 <3 <3 15 

Cd  <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 1.5 

Cr  131 105 168 139 107 30.2 24.8 32.7 100 

Cr6+ 0.8 0.7 <0.3 <0.3 <0.3 1.4 1.4 1.9 8 

Cu 49 47.5 206 33.4 29 38.5 36.8 49.4 100 

Hg  <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 1 

Ni 11.7 12.9 10.4 8.3 7.4 8.3 10.9 9.4 75 

Pb  28.5 27.7 35.9 25.8 23.3 32.9 33.8 29.6 60 

Zn 96.5 99 250 72.6 87.1 49 56.7 70.7 200 
a Waste regulation limits for concrete waste developed and issued by Norwegian Envi-

ronmental Agency.  

 

Given the availability of returned concrete waste, it is possible to promote 

the use of special admixtures, which transform this waste into recycled aggregates 

with excellent mechanical and geometric properties. Thus, the produced recycled 

aggregates may replace conventional materials, which would reduce the depletion 

of aggregate reservoirs and the economic burden of acquiring virgin materials. 

This study contributes to the on-going discussions on the sustainability of the con-

crete industry.  
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6. Conclusions and future work  

 

6.1 Main conclusions 

 

Functional guidelines for broadening the knowledge and use of recycled 

aggregates from excavation and other sources will be key milestones in the sus-

tainable management of resources in the construction industry. A significant fea-

ture in this case was the development of acceptance criteria based on mechanical 

and geometric properties in relation to geological variations. This thesis demon-

strates a simplified procedure for establishing  threshold values for the perfor-

mance of aggregates recycled from excavation materials and other sources. End -

users can formulate material mix -ratios based on the conditions of application by 

documenting the technical performance and inherent geological variations.   

A comprehensive review of the impact of local geology on the mechanical 

performance of rocks by Los Angeles (LA) and micro-Deval (MD) tests broadens 

our understanding of the main aspects of geological influences. The parameters 

studied included mineralogy, grain and crystal size, grain shape, and porosity. In-

ferences made from diverse studies have demonstrated the scale of influence; 

hence, the relationship between the local geological parameters and mechanical 

strength should be simultaneously assessed. For instance, hard minerals (quartz 

and feldspar) contribute to the increased strength, whereas soft minerals (mica) 

reduce the rock strength. Other findings indicated otherwise regarding the influ-

ence of both minerals. Overall, these results indicate that establishing a synthesis 

of the effects of varying geological properties is critical for decision-making pro-

cesses.  

Furthermore, experimental validation of the properties of recycled excava-

tion materials (REM) under separate and blended conditions with other materials 

was established. The mechanical performance was assessed by LA and MD, while 

X-ray diffraction and acid solubility tests were used to investigate the mineralogi-

cal and chemical changes in the fine fractions (< 1.6 mm). The LA performance of 

REM was stable and similar to that of recycled phyllite materials (RPM)- charac-

terized by weak minerals. However, the MD varied significantly hence, a mix ratio 

of 40% RPM was found optimal for compliance with the acceptable application 
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criteria issued by Norwegian Public Roads Administration. The changes in miner-

alogy demonstrated that the weak minerals (i.e., mica and chlorite), were more 

abraded in MD than in LA, which indicated the aggressiveness of the test proce-

dure on soft minerals.  

The deformation properties of REM in systematic blends with 0%, 25%, 

50%, and 100% was investigated using a repeated load triaxial test. The stiffness 

was assessed using Hicks and Monismith’s model and Uzan’s model and the Cou-

lomb criterion was adopted to analyze the permanent deformation. REM demon-

strated a stiffer response. Hence, the mix ratio denoted as REM75 produced stiff-

ness pattern similar to that of REM100. This pattern changed as the quantity of 

REM reduced in the mix indicating that the performance was sensitive to the in-

creased RPM. Regarding the permanent strain response, no differences were ob-

served in the degree of mobilized friction angle ρ(⁰). The REM50 sample exhib-

ited the lowest value of the incremental friction angle φ(⁰). However, the proper-

ties of the materials are believed to have significantly influence their performance. 

This phenomenon has been discussed.  

This study investigated the extended performance of recycled aggregates 

(RCZ) derived from Re -Con Zero technology mixed with wet recycled excavation 

materials. The results demonstrated an increasing trend in LA and MD perfor-

mances as the RCZ content increased. This study further assessed the potential 

concerns of the contents of chemical species in the materials and compared the 

findings with the pollution limit criteria established by the Norwegian Environ-

mental Agency. Low levels of chemical species of potential concern were present. 

An increase in the concentrations of Cr, Cu, and Zn was observed in excavation 

materials, owing to variations in the local geology. The concentration of Cr(VI) 

was low, indicating that the potential leaching of Cr(VI) would be low upon car-

bonation with a decrease in pH. Overall, the chemical constituents present in the 

materials were acceptable which increases the chances of applying newly devel-

oped recycled materials from these sources under separate and mixed conditions 

in concrete and unbound applications without polluting the ecosystem.  
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6.2 Limitations and future work  

 

This thesis expands the knowledge on the mechanical performance of recy-

cled aggregates from excavation masses and other sources and promotes their ap-

plication in unbound layers of road pavement. However, the following areas of 

improvement may be required to expand the scope of this study. 

Given the wide range of geology and its effects on quality, further work 

should explore the impact of other geological factors on the general properties of 

recycled aggregates from the aforementioned sources. In addition, further testing 

frequencies should be explored to examine the impact of quality changes due to 

local geological parameters.  

This study was primarily based on laboratory characterization of the mate-

rials. This may be expanded to the field to investigate the performance under ex-

ternal conditions. For example, on a small pilot scale, deflection and settlement 

measurements may be performed to investigate the behavior of materials.  

In Paper C, the effects of the physical properties on the stiffness and defor-

mation properties are discussed. Hence, further investigations of the impact of 

physical properties (i.e., morphological and shape parameters) on the deformation 

properties of recycled excavation materials premixed with other materials should 

be conducted.  

Because this study only analyzed recycled excavation materials from one 

producer, it would be valuable to expand the investigation to include multiple pro-

ducers across Norway to assess potential variations in performance and gain a 

deeper understanding of their behavior.  
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Abstract
Rock aggregates constitute the enormous volume of inert construction material used around the globe. The petrologic description
as igneous, sedimentary, and metamorphic types establishes the intrinsic formation pattern of the parent rock. The engineering
properties of these rocks vary due to the differences in the transformation process (e.g. hydrothermal deposits) and weathering
effect. The two most common mechanical tests used to investigate the performance of aggregates are the Los Angeles (LA) and
micro-Deval (MD) tests. This study reviewed the geological parameters (including mineralogy, grain and crystal size, grain
shape, and porosity) and the relationship to Los Angeles and micro-Deval tests. It was found that high content of primary
minerals in rocks (e.g. quartz and feldspar) is a significant parameter for performance evaluation. Traces of secondary and
accessory minerals also affect the performance of rocks, although in many cases it is based on the percentage. Furthermore,
some studies showed that the effect of mineralogic composition on mechanical strength is not sufficient to draw final conclusions
of mechanical performance; therefore, the impact of other textural characteristics should be considered. The disposition of grain
size and crystal size (e.g. as result of lithification) showed that rocks composed of fine-grain textural composition of ≤ 1 mm
enhanced fragmentation and wear resistance than medium and coarse grained (≥ 1 mm). The effect of grain shape was based on
convex and concave shapes and flat and elongated apexes of tested samples. The equidimensional form descriptor of rocks
somehow improved resistance to impact from LA than highly flat and elongated particles. Lastly, the distribution of pore space
investigated by means of the saturation method mostly showed moderate (R = 0.50) to strong (R = 0.90) and positive correlations
to LA and MD tests.

Keywords Los Angeles test . Micro-Deval test . Minerals . Grain and crystal size . Grain shape . Pore space

Introduction

Studying the geological nature of rocks gives substantial in-
formation about the petrographic, mineralogic, andmicro- and
macro-structural composition. The relationship between geo-
logical features and the physical-mechanical performance of
rocks is significant in a preliminary assessment and selection
process as a construction material. In most cases, the focus is
directed to the type of rock (e.g. porphyritic granite, limestone,
amphibolite) and the underlying formation process (i.e. to
investigate the effects of weathering). It is unequivocal that
age cycle and the transition of rocks entail a significant alter-
ation degree on the texture. Changes of textural configurations
in geological time are due to weathering, which can be phys-
ical, chemical, and biological processes. In tropical and sub-
tropical regions, severe climate causes high weathering
profiles—often classified into geomorphic zones which pro-
mote the disintegration of rocks and result in variations of
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mechanical strengths. Early discussions on the relationship
between the physical-mechanical performance and the geo-
logical properties of rocks date back to the 1970s and 1980s
(Hartley 1974; Kazi and Al-Mansour 1980).

Today, there is increased attention to the subject particular-
ly because of the wide spectrum of technologies (e.g. digital
image segmentation) used for the petrographic analysis and
the several test protocols available, including Los Angeles
(LA) and micro-Deval (MD) tests. The effects of void ratio,
cracks, and weight loss on LA performance for several rock
aggregates were investigated by Bahrami et al. (2019). Their
study found that aggregates with high fragmentation resis-
tance were due to changes in the morphology. The micro-
texture of rock aggregates resulted in high strength of friction-
al wear in an MD test (Török and Czinder 2017). Correlations
existing between LA and other physical and mechanical prop-
erties have also shown the feasibility of estimating LA based
on rock properties (Ugur et al. 2010; Esfahani et al. 2019).
Furthermore, the LA performance can be connected to the
mineral and chemical composition (Apaydın and Murat
2019). Sun et al. (2017) concluded that mineralogy and grain
size have an influence on the mechanical performance of
rocks. However, in their study, limited results on the relation-
ship between the LA and geological parameters were found.
In addition, no results on an MD test were reported.
Geological quality assessment tests can be conducted to pre-
dict the performance of the material, and one frequently used
method is the well-known Mohs mineral hardness scale (see
Table 1). Hardness is determined by the scratch resistance
against two minerals (Mohs 1825).

Despite numerous debates over precision and inconsisten-
cy due to non-linearity, some researchers (Rezaei et al. 2009;
Anikoh et al. 2015; Banerjee and Melville 2015) have used it
as a benchmark to calibrate and verify test specimens and
other hardness scales.

The high demand of crushed rock aggregates for construc-
tion activities have resulted in increased depletion of natural

bedrock reserves. Crushed rock aggregates account for almost
50% of aggregates production in Europe. The use of rock
aggregates requires mechanical testing to ensure their suitabil-
ity, which means that fragmentation and wear resistance
should be assessed. For many decades, the LA and MD tests
have been the most common methods and the frequent test
protocols are EN-1097-2 and ASTM-C131, and EN-1097-1
and ASTM-D6928, respectively (see description of test
methods below). Today, it is well known that geological com-
position significantly influences mechanical performance of
aggregates. However, no comprehensive review of the rela-
tionship between geological parameters and Los Angeles and
micro-Deval tests is conducted. In view of the many parame-
ters that impact the performance of aggregates, a systematic
review of the relationship between geological parameters and
mechanical performance, i.e. LA and MD, has been conduct-
ed. The goal of this review is to create a comprehensive study
and identify the relationships for the purpose of academic and
scientific research. The study prioritizes mineralogy, grain
size, crystal size, grain shape, and porosity. The study showed
that unlike the MD test, the relationship between the LA test
and geological parameters has received increased attention in
the last few years.

Description of the LA and MD test methods

Today, the LA test method in North America is standardized
by AASHTO T-96 and ASTM-C131, and in Europe by EN-
1097-2. This test measures the fragmentation resistance of
rock aggregates (Fig. 1). The Norwegian National Railway
Administration in the 1950s adopted the test to investigate
the performance of railway ballast (Nålsund 2014). The EN-
1097-2 requires a standardized particle size of 10/14 mm,
from which a 5000-g mass is derived. In this method, eleven
steel balls of diameter 45–49 mm are added to the test mass;
the total amount of revolutions is equal to 500, running at 31–
33 rotation per minute. The steel balls were dropped from a
height to disintegrate the aggregate particles in a dry condi-
tion. After the test, aggregates are washed on 1.6-mm sieve,
and the mass loss (%) is determined. Both ASTM-C131 and
EN-1097-2 standards make provision for different particle
gradings as an alternative, i.e. large and narrow particle range
and classification. Typical LA values of aggregates with vary-
ing textural characteristics from the three rock classes are
shown in Table 2.

The micro-Deval test is a wet test which requires filling the
cylindrical steel drum with 2.5 l of water (Fig. 2). The current
micro-Deval tests are standardized in both North America by
ASTM-D6928 and AASHTO T327 and in Europe by EN-
1097-1. In this test, aggregates of mass 500 g are moisturized
together with 5000-g spherical steel balls in a hollow drum of
internal diameter 200 ± 1 mm. Rotation of the steel drum is set

Table 1 Mohs mineral hardness scale (adapted fromBilan et al. (2018))

Minerals of Mohs scale Mohs hardness

Talc 1

Gypsum 2

Calcite 3

Fluorite 4

Apatite 5

Orthoclase 6

Quartz 7

Topaz 8

Corundum 9

Diamond 10
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to 2000 revolutions running at a speed of 100 ± 5 rotation per
minute. Afterwards, aggregates are washed on 1.6-mm sieve,
and the average mass loss (%) of two test specimens is mea-
sured and calculated as the micro-Deval coefficient. It is also
possible to perform micro-Deval tests on large and narrow
particle range and classifications. In terms of test adequacy
and performance, the micro-Deval test can properly determine
the wear resistance of aggregates (Liu et al. 2017). Table 3
shows the MD coefficients of aggregates from igneous origin.

In terms of LA and MD, compliance to specific thresholds
in road design manuals in connection to the performance of
rock aggregates is important. In view of this, this review
adopted the limit requirements of LA ≤ 30% for base and
35% for subbase courses and MD ≤ 15% for base and ≤ 15–
20% for subbase courses, given in the Norwegian road con-
struction handbookN200 (see Tables 4 and 5) to give concrete
emphasis, clarity, and as reference to the resistant degree to
both fragmentation and wear of the varying rock perfor-
mances herein discussed in connection to their geological
properties.

Maximum MD and LA values reported in different
standards

Both Tables 4 and 5 show the thresholds for MD and LA
values for aggregates in varying applications.

Influence of rock mineralogy

To assess the relationship between mineralogic composition
and the fragmentation resistance, several parameters including

cleavage plane, the content and type of minerals, the disposi-
tion, hardness, and fracture can be used. The identification of
minerals requires a thorough analysis of the crystal features.
Mineral density can be categorized into three main groups:
light (˂ 3.0 g/cm3), intermediate (3.0–4.0 g/cm3), and heavy
(˃ 4.0 g/cm3) and the formation process can either be endo-
genic or exogenic according to Bilan et al. (2018). It is known
that during the original crystallization of rocks, primary min-
erals are formed and, in most cases, they have a strong influ-
ence on the strength properties than secondary and accessory
minerals.

Dominance of primary minerals

The fundamental role of primary minerals such as quartz
and feldspar in rock aggregates is based on the content and
crystal size. Siliceous minerals (e.g. quartzo-feldspathic)
are mainly composed of silicates, aluminates, and alkalis
and have a relatively high hardness value ranging from 6
to 7 on Mohs mineral hardness scale. Quartz formation dur-
ing diagenesis by biogenic action promotes authigenic mi-
crocrystalline quartz and as a result enhances the resistance
to break easily (Liu et al. 2018a, b). There are conflicting
findings on the role of primary minerals such as quartz and
feldspar contents in determining the mechanical strength of
rock aggregates.

Phosphate mine rocks of limestone, marl, and flintstone
origin of varying mineral compositions showed that high
amount of siliceous fraction of quartz and cristobalite content
together with considerable amount of dolomite, and propor-
tional fractions of calcite, fluorapatite, albite, anorthite, and
illite influenced both fragmentation (i.e. LA ˃ 53%) and wear

Table 2 LA values of aggregates
from different rock classes Rock type Rock class LA min value

(%)
LA max value
(%)

No. of
samples

Average Reference

Limestone Sedimentary 20.50 41.20 11 26.67 Ozcelik
(2011)Marble Metamorphic 22.60 36.30 11 27.95

Andesite Igneous 15.40 18.90 10 16.82

Fig. 1 Diagram of the Los Angeles test setup and aggregates steel ball (crushing) interaction (adapted from Ge et al. (2018))
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(i.e. MD ˃ 53%) resistance (Amrani et al. 2019). In the same
study, fragmentation resistance increased for a fraction of
these rocks with small content of cristobalite and illite, and
high quartz content with LA ˂ 48% (Amrani et al. 2019). The
authors, however, suggested that the variation of performance
was due to the presence of clay and flintstone. The study by
Ajagbe et al. (2015) showed that the ratio of quartz and feld-
spar (QFR) is directly proportional to the LA. In their study,
due to the proportional weights of quartz and feldspar content,
the LA varied from 16 to 21%, and the presence of amphibole
minerals in banded gneiss reduced the LA strength (Ajagbe
et al. 2015). The ratio of quartz and feldspar together with
small content of biotite, muscovite, and opaque minerals
was found in granite gneiss and granite rock aggregates with
average LA results of 26% each but quartzite with a relatively
high composition of quartz; insignificant feldspar and similar
content of biotite, opaque minerals, and muscovite showed
LA ˃ 30% (Ademila 2019). In the same study, although
charnockite had a low content of quartz and feldspar, the pres-
ence of hornblende and hypersthene minerals must have con-
tributed to the LA of 26% (Ademila 2019). Similar volume of
quartz, feldspar, plagioclase, and mica was found for granite
gneiss and biotite granite; however, LA coefficients were 27%
and 22%, respectively (Egesi and Tse 2012). The same study
found that increased content of muscovite in schist resulted in
low resistance to fragmentation. The study by Pang et al.
(2010) and Afolagboye et al. (2016) showed that high content
of quartz or feldspar, or a combination of both, resulted in high
fragmentation resistance; however, the overall performance
also depends on other textural factors.

The lack of consistency existing between the content and
disposition of minerals and how they influence strength pa-
rameters are linked to the metamorphosis process. However,
one common concept of the metamorphosis of granite into
granite gneiss is that both can have similar mineralogical com-
positions. The metamorphosis process of granite is believed to
have a greater influence on the structural orientation (i.e. pla-
nar fabric and foliation) than on mineral transformation.
Rocks of metamorphic origin with fine to very fine-grained
felsic, and mica sparkle together with chlorite, epidote-zoisite,
and calcite composition had a satisfactory LA of 30% but MD
˃ 24% was reported (Barbieri et al. 2019). The same study
found that igneous rocks which had been metamorphosed
from coarse feldspar into fine epidote, with small content of
chlorite and insignificant amount of calcite but a high content
of quartz, fine feldspar, and amphibolization showed stronger
resistance to both wear (MD of 10%) and fragmentation (LA
of 17%). The LA and MD of two types of intrusive rocks (i.e.
granitoid and gabbroid rocks) with varying mineralogical
compositions have been analysed: quartz, feldspar, and mica
minerals predominated the mineral composition of granitoid
rocks while feldspar, mica, olivine, and pyroxene dominated
gabbroid rocks. On average, mica content in gabbroid was
small; thus, the small mica content together with other textural
features had a positive influence on LA ˂ 24% andMD ˂ 11%
(Johansson et al. 2016). In the study by Amuda et al. (2014),
the high resistance to fragmentation of porphyritic granite was
attributed to the low content of mica (biotite and muscovite).

Mica minerals (biotite and muscovite) are phyllosilicates,
and they form in distinct layers in both intrusive and extrusive

Table 3 MDvalues of aggregates
from igneous origin Rock type Rock

class
MD min value
(%)

MD max value
(%)

No. of
samples

Average Reference

Basalt Igneous 7 13 9 9 Apaydın and Murat
(2019)

Granitoids Igneous 2 19 17 8 Johansson et al.
(2016)Gabbroids 7 11 9 9

Fig. 2 Diagram of micro-Deval setup (a) and standard 10/14-mm aggregates specimen, steel drum, and 5-kg spherical steel balls (b) (adapted from
Durmeková et al. (2019))

1966 S. Adomako et al.



rocks. Increased content of mica reduces the mechanical
strength. It was observed that about 15–20% of mica content
in meta-greywacke aggregates did not compromise the frag-
mentation resistance (LA of 19%) while amphibolite aggre-
gates with sparkle or no traces of mica content but high per-
centages of plagioclase and actinolite showed stronger resis-
tance (LA of 9%) (Anastasio et al. 2016; Fortes et al. 2016).
The detrimental effect by mica content is also connected to the
distribution and structural formation of the grain boundaries
(Fortes et al. 2016). Similar results were found by Nålsund
(2010), where 20% of mica content had no damaging influ-
ence on the LA and MD performance. The rocks, however,
had 65% of quartz and 15% of feldspar, i.e. QFR. The study
by Petrounias et al. (2018a, b, c) also demonstrated that low
content of phyllosilicate minerals have no detrimental effects
on the engineering properties of rocks. This has been observed
in a recent study (Solomon et al. 2020, manuscript in
preparation).

The degree of weathering of plagioclase (solid solution of
albite and anorthite) seems to have a significant effect on the

mechanical performance. Plagioclase is mostly found in igne-
ous and metamorphic rocks and sometimes in sedimentary
rocks. Plagioclase has a hardness scale of 6–6.5. The study
of ballast fouling by Apaydın and Murat (2019) of basalt rock
aggregates from different sources showed that the LA (9–
11%) increased with increased content of plagioclase mineral
(10–28%) and opaque minerals (0.12–2.67%). This may indi-
cate that the content of weathered plagioclase and opaque
influences the resistance to fragmentation. Similar results
were obtained in the study of the geotechnical performance
of pyroclastic rocks by Okogbue and Aghamelu (2013). In
their study, high content of weathered plagioclase ranging
from 21 to 60% and other weathered minerals, including shale
and lithic fragments ranging from 11 to 32%, and groundmass
11–36%, contributed to varying LA performances from 11 to
25%. The authors, however, claimed that these mineral prop-
erties would end up compromising the mechanical strength of
pyroclastic rocks in a long term. Conversely, the study by
Pomonis et al. (2007) showed that high content of plagioclase
minerals 46–50% in dolerites and 68–71% in troctolites rocks

Table 4 Referenced micro-Deval
limits for aggregates applications Application Maximum micro-Deval

abrasion loss (%)
Standard

Granular subbase 30 ASTM D6928-10 (2010)
Granular base 25

Open-graded base course 17

Structural concrete 17–21

Concrete pavement 13

Asphalt concrete base course and
secondary road surface course

21

Asphalt concrete surface course 17–18

Base layer and subbase layer 15 NPRA. Håndbok N200 vegbygging.
( 2014)

Open-graded base and stone
matrix asphalt

˂ 20 General Directorate of Highway, Turkish
Highway Technical Specifications,
Ankara, Turkey ( 2013)Bituminous base, surface coatings ˂ 25

ASTM, American Society for Testing and Materials; NPRA, Norwegian Public Roads Administration

Table 5 Maximum LA values
reported in different standards Application Maximum Los Angeles value

(%)
Standard

Base layer 30 NPRA. Håndbok N200 vegbygging. (
2014)Subbase layer 35

Aggregates for roads 40 ASTM C-131 (2008)

Surface treatment and porous
asphalt

30 BS EN-13043 (2002)

Base layer 50 ASTM D-692 (2004)
Surface layer 40

Aggregates (coarse) for concretes 50 ASTM C-33 (2013)

ASTM, American Society for Testing and Materials; BSI, British Standard Institution; NPRA, Norwegian Public
Roads Administration
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has little effect on the LA performance of 10–13% and MD of
5–8%. It was however claimed that the plagioclase had suf-
fered secondary weathering to form pockets of albite.

So far, the mixed findings on the effects of primary min-
erals in relation to both LA and MD show that it is important
to study other textural properties to have a clearer overview of
the behaviour and performance of rocks. However, most re-
searchers claimed that the performance of rocks was based on
the content of quartz or feldspar or the QFR and mica (biotite
and muscovite). Overall, most of the rocks studied have good
LA and MD performance based on the thresholds given in the
Norwegian road construction handbook N200.

Secondary and accessory minerals

Secondary minerals are formed by hydrothermal alteration
and weathering of the Earth’s crust. The transformation pro-
cess involves environmental factors such as water, tempera-
ture, and other biological activities. Accessory minerals, on
the other hand, mostly appear in small quantity and are there-
fore not regarded in the identification of rock type. Some
examples include apatite, zircon, topaz, and magnetite.

The LA performance increased from 15 to 23% for pyro-
clastic rocks in the study by Aghamelu and Okogbue (2015),
due to increased content of chlorite and glassy material. The
authors claimed that the presence of these minerals could over
a period of time cause strength failure. In the study by Pang
et al. (2010) and Jayawardena (2017), the LA performance of
25% and 33–38%, respectively, of limestone showed that the
strength depends on the content of calcite mineral. Both au-
thors claimed that limestone may not be suitable for surface
layer of road pavement. Calcite is a secondary mineral and is
mainly found in marble and limestone. Calcite has a hardness
value of 3 on Mohs scale. Similarly, in the study by Naeem
et al. (2014), it was found that increased LA from 14 to 23%
was based on increased content of calcite from 12 to 65%. The
authors, however, found varying contents of bioclasts and
micrite also in the limestone samples but concluded that rocks
composed of small dolomitic content 5–15% in the matrix
influenced the LA. In this case, emphasis was placed on the
ratio of soft mineral (dolomite) in the matrix although other
minerals, bioclast 5–20% and micrite 15–35%, may also have
influenced the LA performance. Dolomite has a Mohs hard-
ness value of 3.5–4, which is slightly higher than calcite.

The study by Petrounias et al. (2018a, b, c) showed that
high serpentinization of ultramafic rocks resulted in LA value
of 25–28%, whereas mafic and granodiorite rocks with LA of
7–20% had plagioclase and clinopyroxene, quartz, and horn-
blende in some of the rock components and albitite rocks with
LA of 11–13% had quartz and clinopyroxene. In another
study, Petrounias et al. (2018a, b, c) reported that
serpentinization increased the LA values of serpentinite rocks
from 17 to 25% and andesite rocks from 18 to 35%. The

authors indicated that the presence of smectites in andesite
rocks contributed to increasing the LA.

The research by Giannakopoulou et al. (2016) showed the
effects of petrography on the LA performance of ultramafic
rocks (dunite, harzburgite, and lherzolite). In their study, all
rocks had been weathered and consisted of high amounts of
secondary serpentine mineral. Forty-two percent of serpentine
mineral constituted dunites together with small amounts of
chlorite and talc, 12% was found in harzburgite which also
had minor chlorite and chromite, and 12–17% was found in
lherzolite with traces of batite. Among all rocks studied,
harzburgite had a good LA of 15% (Giannakopoulou et al.
2016). This certainly was due to the low serpentinization. In
the study by Giannakopoulou et al. (2018a, b), it was found
that the variation of LA from 14 to 32% of ultramafic rocks
was based on the ratio of secondary (serpentine) to primary
(SEC/PR) minerals. This, however, suggests the effect of
weathering on the mechanical performance of rocks.
Conversely, the authors indicated that the presence of serpen-
tine 30–40% did not influence the LA performance of dunite
rocks compared to other ultramafic rocks which had the same
degree of weathering. They claimed that the uniform forma-
tion of soft serpentine and hard olivine network enhanced
serpentine to absorb stress and reduce crack propagation in
dunites.

Clay minerals in rocks are formed by chemical weathering
and are classified as weak minerals, withMohs hardness of 2–
2.5. The studies by Giannakopoulou et al. (2018a, b) and
Esfahani et al. (2019) indicated that the presence of clay in
rock aggregates has a significant impact on the LA perfor-
mance. Hartley (1974) also indicated that soft mineral reduces
the strength performance of rocks.

In Fig. 3, eight types of rocks showed different LA perfor-
mances. It can be seen that the LA values are low for samples
4, 6, and 7. This is because these samples had no traces of
amphiboles but they had high contents of quartz and good
QFR. The performance of other samples is dependent on the
amount of amphibole and mica (biotite and muscovite).
Amphiboles have a hardness of 5–6 and biotite and muscovite
are ranked 2.5–3 and 2–2.5, respectively, on Mohs hardness
scale. Amphibole is an altered product of pyroxene, and there-
fore increased content of amphibole minerals in rocks results
in low resistance to fragmentation and wear (Johansson et al.
2016). Feldspar, on the other hand, seemed to have no signif-
icant effect on the LA performance despite its hardness value
on Mohs scale. In Fig. 3, the findings indicate that the assess-
ment of other textural properties is necessary to fully describe
the mechanical performance.

Statistical analyses for systematic evaluation of the varia-
tion and correlation between textural characteristics and tech-
nical performance have been reported in several studies
(Wang et al. 2015; Johansson et al. 2016; Ajalloeian and
Kamani 2019). The use of regression analysis permits the
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adoption of either Pearson or Spearman correlation coeffi-
cients to evaluate the relationship between two variables
(Nagalli et al. 2016). In Table 6, linear, power, and
polynomial regression equations are used to evaluate the
effects between different mineralogic compositions, LA and
MD. Zou et al. (2003) described Pearson correlation coeffi-
cients at 1, 0.8, 0.5, and 0.2, in strength directions as perfect,
strong, moderate, and weakly positive, respectively, while −
1, − 0.8, − 0.5, and − 0.2 were described as perfect, strong,
moderate, and weakly negative, respectively.

For ultramafic rocks, both equations showed almost strong
and positive strength direction but the relationship of the in-
fluence of serpentine (SRP) mineral on LA is small compared
to the ratio of secondary/primary (SEC/PR) minerals.
Giannakopoulou et al. (2018a, b) indicated that increased con-
tents of secondary minerals have a negative effect on the

strength performance. Serpentinite is a product of ultramafic
rock with serpentine minerals. The strength direction of the
equation between SRP of serpentinite rock to LA can be de-
scribed as close to strong and positive. Furthermore, the rela-
tionship between smectite and LA of andesite rock can be
described as perfect and positive with much smaller influence
on the LA compared to the relationship with serpentinite rock.
In the study by Petrounias et al. (2018a, b, c), the LA increased
with increased content of serpentine. The linear, second-, and
third-order polynomial describes the relationship between
quartz and LA of metamorphic rocks. The third-order equa-
tion described as strong and positive fits better the description
of the relationship, which indicates that high quartz content
results in high resistance to fragmentation.

The relationship between MD and mica content of granit-
oid rocks can be described as moderate and positive. The

Fig. 3 The relationship of Los
Angeles abrasion value and
mineral percentage of different
types of rock (adapted from
Ajagbe et al. (2015))

Table 6 Relationship between
Los Angeles (LA) and micro-
Deval (MD) tests and mineral
content expressed in regression
equation(s)

Type of rock Equation Reference

Ultramafic rock LA = 0.141 (SRP)a + 16.343, R2 = 0.65

LA = 2.8042 (SEC/PR)b + 17.646, R2 = 0.64

Giannakopoulou et al.
(2018a, b)

Serpentinite rock

Andesite rock

SRPa = 2.2156 (LA) + 34.606, R2 = 0.74

SMc = 0.1688 (LA) − 0.1194, R2 = 0.99

Petrounias et al.
(2018a, b, c)

Metamorphic rock LA = −0.0006 (Qd)2 – 0.0674 (Qd) + 51.419, R2 = 0.31

LA = −0.0002 (Qd)3 + 0.0366 (Qd)2 – 1.7955 (Qd) +
70.596, R2 = 0.79

LA = −0.1311 (Qd) + 52.812, R2 = 0.30

Dayarathna et al. (2017)

Granitoid rock MD = 2.843 + 0.384 (Me), R2 = 0.50

MD = 3.601 + 0.413 (Me), R2 = 0.57

Johansson et al. (2011)

Basalt rock OPf = 0.38 (LA) − 3.01, R = 0.87

PLg = 2.52 (LA) − 7.99, R = 0.78

Apaydın and Murat (2019)

Dolerites and
troctolites

PLg = 10.78 (MD) − 15.62, R2 = 0.73

Qd = 2E +17 (MD)−21.574, R2 = 0.91

PLg = 7.82 (LA) − 36.02, R2 = 0.47

Qd = 1E +17 (LA) −15.945, R2 = 0.85

(Pomonis et al. 2007)

a Percent of SRP, serpentine; b SEC/PR, ratio of secondary to primary minerals; c SM, smectite; dQ, quartz; eM,
mica; fOP, opaque mineral; gPL, plagioclase
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description of the equation of basaltic rocks and both opaque
and plagioclase minerals showed to be strong and positive;
however, the influence of opaque mineral on LA is small
relative to plagioclase. In the case of both dolerites and
troctolites, the description of the equation of quartz and MD
relationship showed almost a perfect and positive strength
direction while that of quartz and LA can be described as
almost strong and positive. For MD and plagioclase of both
rocks, the equation describing the relationship between the
two yielded a much stronger and positive relationship com-
pared with LA and plagioclase. In view of this, it can be
mentioned that there is a greater effect of plagioclase on these
rocks in MD than in LA.

Influence of grain size and crystal size

Grain size and crystal size of rocks depend on the original
formation and other transformation processes including
weathering and hydrothermal alteration. The microstructure
of different types of rocks appears in diverse composition
and layer arrangements. Intragranular textures play a major
role in the fragmentation and wear resistance of rocks. The
relationship between compositional texture (crystal size, grain
boundaries and sizes) and mechanical performance provides
information about the behaviour and characteristics of mate-
rials in connection to their performance. The nature of these
intrinsic properties is best quantified under microscopic inves-
tigations to obtain good approximations of the sizes (from μm
to cm) and the interlocking boundaries.

Grain size is measured by the arrangement and composi-
tion of individual grains and they are often classified as fine,
medium, and coarse. In contrast, crystal size constitutes indi-
vidual crystals in a grain. The influence of these geological
parameters on mechanical properties of rocks is widely inves-
tigated. Early studies include Kazi and Al-Mansour (1980)
and Goswami (1984). Both authors found that pore volume
and grain size significantly influenced the mechanical perfor-
mance of acidic igneous rocks. In general, an increase in mean
grain size (i.e. more than 1 mm) can result in a decrease of
mechanical performance and vice versa. The dynamics of mi-
crostructure transformation (i.e. intragranular grain bound-
aries and arrangements) can give varying indications to the
performance (Fortes et al. 2016; Johansson et al. 2016); there-
fore, textural grain and crystal size differences should also be
connected to the ratio of fine to medium and coarse grain
orientation in the matrix (Åkesson et al. 2001; Johansson
et al. 2016). Furthermore, existing micro-fracture in a rock
can promote rapid disintegration under impact test than others
with no micro-fracture condition.

The effect of compositional texture (i.e. the matrix of
groundmass and interlocking grain boundaries) gave variation
of approximated LA performances for limestone (25%),

granite (20%), gneiss (21%), and basalt (18%) (Pang et al.
2010). The spatial dispersion of fine-grained minerals inves-
tigated under cross-polarizer showed that hard minerals pres-
ent in basalt, granite, and gneiss had strong interlocking grain
boundaries and therefore enhanced the resistance to fragmen-
tation compared to limestone with weak interlocking grains.
Granite and basalt are of igneous sources and the formation of
grain size and crystal size appear in different compositional
textures. Basalt usually has a strong-grained interlocking tex-
ture and oftentimes leads to greater resistance to fragmentation
and abrasion (Waltham et al. 1994). Granite, on the other
hand, has varying granular textures and coarse-grained bound-
aries that increase brittleness (Anastasio et al. 2016).

The study by Aghamelu and Okogbue (2015) reported that
the LA of pyroclastic rocks was 15–22%, despite the textural
varieties of fine-grained to porphyritic in nature. The same
study found that the changes of depositional action played a
significant role since all the rocks had the presence of weak
minerals; however, rocks of fine-grained texture but low glassy
groundmass had LA of 15% (Aghamelu and Okogbue 2015).
The micro-fabric (i.e. fine-porphyritic texture) of andesites con-
tributed to the high resistance to MD of 7% compared to the
coarse texture of porphyritic andesites which gave MD of 16%
in the study by Török and Czinder (2017).

It is clear that themicro-fabric and fine-grained composition-
al textures have a good correlation to impact resistance from
fragmentation. It is also worth considering that heterogenic tex-
tural characteristics (e.g. fine and medium, or medium and
coarse) can be developed in some rock units during the trans-
formation process. The performance of rocks with such micro-
structure feature can vary depending on the test method (i.e. LA
and MD). The study by Lane et al. (2011) showed that under
MD test, rocks of heterogenic grain textures (fine, medium, and
coarse) can have worse performance due to poor interlock with-
in and between the boundaries of the grain. Conversely, the
resistance to disintegration in LA tests of porphyritic, fine-
grained, andmedium-grained granites did not vary significantly
even though the photomicrographs of the rocks showed that
fine-grained granites with an average LA of 22% was fine
and equigranular in nature, the porphyritic granite gave average
LA of 26–27% while medium-grained granites gave average
LA of 23% (Afolagboye et al. 2016).

The effects of dispersion of grain size on the micro-macro-
structure of granites from different locations are shown in Fig.
4. It can be observed that rock sample LTKWF-1, which is
felsic in nature, has a strong dispersion of fine-grain sizes
within the range 99% ≤ 1 mm and 79% ≤ 0.05 mm. The LA
value of 16% shows that the interlock of the grain boundaries
may have contributed to the resistance against fragmentation.
FKNGRI-1 and FKNGR-2 are of the same origin but with
different grain textures. FKNGRI-1 has a dominant amount
of fine-grain (87% ≤ 1 mm) while FKNGR-2 has 81% ≤
1 mm. KMSGR-1 and KMSTGR-2 were also collected from
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the same source with considerable composition of fine-
grained sizes, 76 ≤ 1 mm and 88 ≤ 1 mm, respectively.
BKGR-1 has a composition of fine-grained sizes (77% ≤
1 mm) and had a high resistance compared to FKNGRI-1,
FKNGRI-2, and KMSGR-1. The reason for this could be
due to the influence of other characteristics. Despite the dif-
ference in the texture, the performance of these granites is
consistent with the LA values of granites reported to be
20.1–28.7% in the study by Afolagboye et al. (2016).

Figure 5 shows a strong and positive strength direction of
the equation which describes the relationship between mean
grain size and LA value for all granites. A similar relationship
was also found between grain size and LA value for granitoid
rocks which had been exposed to different degrees of crystal-
lization (Johansson et al. 2011). Conversely, meta-sandstone,
meta-greywacke, meta-gabbro, and greywacke with varying
compositional textures and mineral grain sizes had no rela-
tionship to the LA performance (Anastasio et al. 2017). This
means that the relationship of the LA test and geological com-
position of rocks from either one or multiple parent source
could be different due to other textural characteristics; there-
fore, it is important to assess related genetical parameters
simultaneously.

The texture coefficient principle

One feasible approach to estimate the mechanical perfor-
mance of rocks based on multiple geological factors is the
use of texture coefficient (Howarth and Rowlands 1986;
Howarth and Rowlands 1987; Ozturk and Nasuf 2013;
Ajalloeian and Kamani 2019). The texture coefficient (TC)
quantitatively analyses the orientation of grain shape,
interlocking grain boundaries, and the parking density of the
matrix by thin section image analyses and quantifies different
components including form factor (FF), aspect ratio (AR),
angle factor (AF), and area weighting (AW) of the grains
(Ajalloeian and Kamani 2019), and the relationship to basic
geometric data is given by the following equations.

FF ¼ 4π:A
P2 ð1Þ

AR ¼ L
W

ð2Þ

AW ¼ ∑ Grain areas within the reference area boundaryð Þ
Area boundary by the reference areað Þ ð3Þ

Fig. 4 Distribution of grain size
of granite samples with varying
compositional textures, locations,
and resistances against
fragmentation (results) from LA
tests. BKGRI-1 (medium-coarse
grained), FKNGRI-1 and
FKNGRI-2 (medium-grained),
KMSTGR-1 (medium-grained),
KMSTGR-2 (fine-grained
microgranite), and LTKWF-I
(fine-grained) (adapted from
Jessica (2014))

Fig. 5 Distribution of mean grain
size and LA value of granites in a
modal analysis (adapted from
Jessica (2014))
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where xi is the number of angular differences in each class
and N denotes the total number of elongated particles.

Form factor measures the deviation from the circularity of
the grain cross section; the aspect ratio is simply the ratio of
length to width. Angle factor determines the angularity of the
grain and area weighting (AW) is the parking density of the
matrix. In the case of N0, N1, AR, and AF, numerical values
are assigned to regulate the precision and classification of the
parameters when applied. TC is a parameter used in previous
years, but it has been used in recent studies to evaluate the total
effects of rock texture on the mechanical performance of rocks
(Ozturk and Nasuf 2013; Esmailzadeh et al. 2017; Ajalloeian
and Kamani 2019)

TC ¼ AW
N0

N0 þ 1
� 1

FF0

� �

þ N1

N 0 þ N1
� AR1 � AF1

� �� �

ð5Þ

where

TC texture coefficient
AW grain packing weighting
N0 number of grains whose aspect ratio is below a pre-set

discrimination level of 2.0
N1 number of grains whose aspect ratio is above a pre-set

discrimination level of 2.0
FF0 arithmetic mean of discriminated form factors for N0

grains
AR1 arithmetic mean of discriminated aspect ratios for N1

grains
AF1 angle factor, quantifying grain orientation forN1 grains

The weak bivariate statistical relationship between sin-
gle components (FF0, AR1, AF1, N0, N1) and LA value
showed the inefficient predictive capability of LA value
using individual geological and geometrical components
such as form factor, aspect ratio, angle factor, and area
weighting: on the other hand, a strong and positive corre-
lation (R2 =0.64) was achieved for TC and LA (Ajalloeian
and Kamani 2019). Furthermore, a strong and positive cor-
relation coefficient (R2 = 0.86) was achieved between TC
and LA in polynomial regression analysis in the same
study. At least, this gives conclusive evidence of the pre-
dictive capacity of LA value using TC. Despite the break-
through with the use of TC, there are some limitations. One
argument is that factors such as weathering and altered
minerals, matrix type, mineralogical composition, and
micro-cracks are not covered in the TC equation (Kamani
and Ajalloeian 2019); therefore, in cases where the low
correlation between TC and mechanical performance oc-
curs, the reason could be due to failure in expanding the

TC equation to include the aforementioned factors. The
relationship between TC and LA and MD values are not
well covered in the literature. This limits the opportunity to
make a comprehensive case about the use of TC in the
context of Los Angeles and micro-Deval tests.

Morphology (grain shape) change in LA
and MD tests

The continuous evolution of shape deterioration at the macro-
scale leads to the loss of internal cohesion and destabilizes the
skeletal framework for effective load transfer. The shape pa-
rameter (see Fig. 6) is categorized into three independent di-
mensions, i.e. surface texture, form, and angularity (Al-
Rousan et al. 2007), which may also be called scale
dependencies.

The form scale is a measure of the total boundary length or
perimeter which could be quantified by flat and elongation,
roundness, or sphericity index. Surface texture measures sur-
face topography (e.g. surface micro-irregularities) and it can
be analysed following the principles by the wavelet technique,
spherical harmonic analysis, or Fourier series while angularity
is a measure of the sharp edges or corners of the particle.
Surface texture is a complex property: The characteristics of
roughness could affect the resistance to friction between par-
ticles. Due to heterogeneity of surface morphological features,
most used advanced methods such as three-dimensional (3D)
laser scanners, optical interferometry, and X-ray micro-com-
puted tomography (μXCT) are used to quantify true surface
texture. In view of this, a brief overview of two aforemen-
tioned methods are described below.

Fig. 6 The shape properties of a coarse sample. Blue represents form,
yellow denotes surface texture, and red indicates angularity (adapted from
Guo et al. (2018))
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Methods for measuring surface texture

3D laser scanning

3D laser scanning techniques reflect a significant step in the
advancement of measurements of volume and surface texture
of rocks. This approach has been used by several researchers
(Yang et al. 2019; Anochie-Boateng et al. 2012) to describe
and to evaluate surface micro-irregularities, and to character-
ize other morphological properties (Guo et al. 2018).
Furthermore, compared with other methods such as optical
interferometry and X-ray micro-computed tomography
(μXCT), 3D laser scanners are cost-effective, portable, and
user-friendly. The 3D system provides adequate spatial coor-
dinates of the points laying on the rock surface; moreover, the
technology offers the possibility to make projections of polar
coordinates on a Cartesian coordinate system to describe the
characteristics of micro-irregularities (Asahina and Taylor
2011). In the same study, the authors adopted two sets of
principles to define the coordinate system: axes in the
Cartesian coordinate and the origin which is situated at the
centre of the object.

This work adopted the techniques and processes outlined in
Liu et al. (2018a, b) to demonstrate a typical 3D laser scanning
of a rock particle (Fig. 7).

A rock sample of appropriate size is attached to a turntable
and the required stages of rotational scans are taken at a high
resolution, i.e. 0.02 mm in this case. A total of n scans cover-
ing all sides of the material are taken. The device throws a
triangular laser beam on the spotted particle to capture the
textural area and volume. While most 3D laser scanners have
an integrated computerized software which automatically
measures the morphological details of the captured region
(i.e. surface area and volume), Liu et al. (2018a, b) developed
a MATLAB to measure the morphological details of the

captured images. Considering the capacity of X-ray micro-
computed tomography (μXCT) and 3D laser scanners to mea-
sure small scale and large scale, respectively (Asahina and
Taylor 2011), the measurements performed with the two tech-
nologies seem to be consistent. Furthermore, it was found that
3D laser scanners cannot penetrate the internal structure of
solid particles (Liu et al. 2018a, b), and therefore only a 3D
reconstruction on the surface can be created; on the other
hand, μXCT does not suffer from this limitation.

X-ray micro-computed tomography

X-ray micro-computed tomography (μXCT) is a rapid and
non-destructive test which applies X-ray attenuation to inves-
tigate the internal structure of solid particles. The μXCT is
very effective and has therefore been applied in a wide range
of material investigations (i.e. soil and rocks) and in different
fields.

The process involves the transmission of an X-ray beam
through a fixed sample (e.g. rock particle) and a collection of
radiograph projections as the sample continuously rotates or at
defined scan intervals. Each projection captures a cross sec-
tion (slice) of the fixed sample and all of them are eventually
superimposed to produce the true three-dimensional volume.
According to Liu et al. (2018a, b), the highest resolution of the
captured images reported in Fig. 8 was 5 μm at 1024 × 1024
pixels and the greyscale images obtained after the process
were analysed for surface area and volumes using the
VGStudio MAX software.

One dilemma is that some researchers have raised concern
that both LA and MD do not give reliable estimates of the
long-term influence of morphology due to short test durations.
These researchers claim that the constant cycles of aggregate-
steel ball interaction are not a significant representation of the
dynamics and frequency of vehicular fragmentation and wear

Fig. 7 Setup of the 3D laser
scanner to rock particle (adapted
from Liu et al. (2018a, b))
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impact; therefore, these cycles do not give any information
about long-term durability.

Morphology change in MD test

In the MD test, the surface texture, grain vertices, and sharp
edges wear off while the LA test disintegrates the complete
shape. Elongated, flat, and sharp edges generally tend to show
weak resistance to continuous fragmentation and wear impact.
However, the frequency and deformation behaviour also de-
pends on the duration of the test. To understand the evolution
of grain erosion, the use of 3D image analysis instead of 2D in
connection to numerical simulations is described as effective
methods to study the morphological behaviour before and
after impact (Wu et al. 2018; Quintanilla et al. 2019). The
issue of frequency and increased rotation cycles of modified
MD as opposed to standard test cycle could result in unrespon-
sive morphological changes (Wang et al. 2015). On the other
hand, increased rotation cycles of LA could significantly de-
crease the steepest apex of particles and worsen the
interlocking property. One reason could be connected to the
development of larger, rounded, and stronger convex bands
which enhances wear resistance (Quintanilla et al. 2017;
Quintanilla et al. 2019). In the same study, the standard MD
test was observed to have little influence on the form morpho-
logical descriptor of ballast granite while surface texture and
angularity suffered rapid wear. Similarly, the morphological
properties of varying aggregates and MD test cycle revealed
that increased deterioration of angularity after the test contrib-
utes highly to the loss of mass than the wear of surface texture
and sphericity (Lane et al. 2011; Wang et al. 2017).

The obvious reason for the rapid and increased eroding of
angularity is connected to the interaction between the steepest
apex of particles and other test particles, steel balls, and inner
hard surface of the steel cylindrical mould for the MD test.
Further possible explanation given to the variation of the

degree of deterioration between the morphological properties
in relation to MD test cycle is that both MD test and morpho-
logical parameters have a relationship to other mineralogic
properties including Mohs mineral hardness value; therefore,
high Mohs hardness value leads to low wear on the particle
(Wang et al. 2017).

Figure 9 shows the modelled effects on morphological pa-
rameters in a standardMD test. The apex of the ballast particle
and other grain vertices progresses into a round shape along
with the MD test. The concave and rough topography of the
surface texture have been smoothened, while the erosion of
the perimeter (form) may result in loss of mass.

Morphology change in the LA test

The measuring orientations of LA on particle morphology
make it possible to use digital image and estimation chart
(e.g. Krumbein chart) for the sphericity and roundness
index. The study by Okonta (2015) found that the ability of
ballast quartzites to abrade after three to four cycles of LA by
the chart method gave a consistent rating scale of progressive
disintegration measured by the image analysis. The quartzites,
however, appeared to be more rounded when abraded to 20%
LA to failure (Okonta 2015). The LA abrades larger shapes
into small particles over several turns; therefore, digital image
gives effective estimation of morphological changes. Using
digital image to quantify morphology, Qian et al. (2014) made
two observations after several turns of LA: (1) increased rota-
tions of LA largely disintegrates the form descriptor of the
aggregates and (2) small particles generated during the test
experience little or no damage on angularity, surface texture,
and form descriptors since these particles are mostly shielded
from the impact by the steel balls.

The loss of angularity of granite (25%), limestone (27%),
tuff (21%), and diabase (20%) was consistent to the LA values
(i.e. 21%, 25%, 20%, 16%), respectively (Zhang et al. 2020).

Fig. 8 X-ray CT aggregates
scanning process (images
courtesy of Dr. Fangyuan Gong):
(a) aggregates; (b) scanning
sample; (c) X-ray CT setup; (d)
3D models from X-ray technolo-
gy (adapted from Liu et al.
(2018a, b))
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The gradual loss to angularity during the LA test is connected
to the ratio of flakiness and elongation index of coarser
specimens. This means aggregates that record high mass loss
have a high ratio of flakiness and elongation index and hence
become susceptible to break under impact test. By this, it is
important to respect flakiness and elongation index for test
specimens. A simple validation of the loss of steep apex of
ballast grains was demonstrated by Guo and Jing (2017) and
Guo et al. (2018), where the average abrasion depth (AAD)
and maximum abrasion depth (MAD) were designed to quan-
tify the individual abrasion degradation and loss of steep
apexes after an LA test. With simple numerical expressions,
their study showed that flat and elongated particles have the
highest deterioration at the apex regions than cubic particles.
The production of coarse particles of quality morphological
parameters depends on the crushing stages and mechanisms.
The study by Rajan and Singh (2020) mentioned that the two-
and three-stage crushing is reasonable to produce basaltic ag-
gregates of standard morphological parameters. Their investi-
gations showed that up to three-stage crushing was sufficient
to produce aggregates of quality interlocking and textural
properties which could be used in asphalt mixes. To this ex-
tent, the shape distribution of coarse particles must be propor-
tional to the sizes in which they appear.

Influence of porosity

Porosity is the pore volume of a rock. The variation of pore
volume in each type of rock depends on the transformation
and development process. Porosity is classified into two
groups following the transformation process: primary porosi-
ty, which refers to existing pore space and its distribution
between the grains and matrix before deposition, and second-
ary porosity, which occurs after the deposition process as a
result of fracturing, recrystallization, and weathering.

The effects of porosity on mechanical performance are
widely discussed in the literature (Hartley 1974; Kazi and
Al-Mansour 1980; Kahraman and Fener 2007; Ugur et al.
2010; Esfahani et al. 2019) in connection to a variety of ag-
gregates and several numerical cut-offs to differentiate the
cluster of less or more porous volume on aggregates. With
regard to LA, the effect becomes obvious due to the impact
nature from the steel balls compared to MD. Aggregates of
high porosity disintegrate more rapidly than those with low
porous nature (Kahraman and Fener 2007). The estimate on
what appears to be less or more porous nature is also based on
the type of rock and grain arrangement together with the ap-
plied technique since different test techniques (e.g. water ab-
sorption and porosimetry tests) produce different coefficients
given in percentage or decimal and micrometre (μm). In this
review, the distribution of porosity is primarily based on water
absorption and porosity tests.

The relationship between porosity and mechanical perfor-
mance is commonly demonstrated using statistical regression
equations. However, remarkable differences exist between the
collective assessment of porosity and LA and MD of aggre-
gates from all three rock units compared to each single unit.
These differences show different correlations in regression
functions. Igneous rocks with almost perfect and positive co-
efficient (R = 0.93) in a power equation compared with sedi-
mentary (R = 0.44) and metamorphic (R = 0.35) showed high
sensitivity to the strength direction of the equation: which
describes the relationship between LA performance and po-
rosity for igneous rocks (Ozcelik 2011). In this case, although
the igneous rocks had good LA values (15–19%), it recorded
the highest margin of porosity index from 3.10 to 4.97%,
compared to sedimentary (0.20–5.15%) and metamorphic
(0.16–0.41%). Conversely, Esfahani et al. (2019) correlated
porosity to LA of 273 rock datasets from igneous, sedimenta-
ry, and metamorphic origin: the relationship of porosity to LA
showed weak and positive coefficient correlations in linear (R
= 0.34) and almost moderate and positive correlations in a

Fig. 9 Changes in the modelled
morphology of ballast before and
after the standard micro-Deval
test (adapted from Quintanilla
et al. (2019))
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quadratic function (R = 0.41). The same study found that the
multiple correlation of water absorption, porosity, and density
to LA gave almost strong and positive coefficient (R = 0.85)
and therefore for such assessment, multiple regression analy-
sis is suitable (Esfahani et al. 2019).

Petrounias et al. (2018a, b, c) found that the large LA var-
iation (7–58%) of igneous rocks (ultramafic, mafic, and
intermediate-acidic volcanic) was due to variation of total po-
rosity 0.48–11.93%with coefficient of R2 = 0.76 to LA and R2

= 0.65 of water absorption 0.14–2.13% to LA. Linear function
suitably expressed the relationship between porosity and LA
while exponential function was used to express the relation-
ship between water absorption and LA.Mafic rocks with good
total porosity and water absorption values showed greater re-
sistances to LA (Petrounias et al. 2018a, b, c). In a similar
study by Rigopoulos et al. (2013), the linear function between
LA 10 and 43% of varying aggregates in the trachyte, mafic,
and ultramafic group showed almost strong and positive cor-
relation coefficient of R2 = 0.76 to water absorption. The lin-
ear correlation between water absorption 0.52–1.36% and LA
14–25% of limestone yielded a strong and positive coefficient
of R = 0.81, while that of total porosity of 2–8% and LA was
also strong and positive (R = 0.88) in the study byNaeem et al.
(2014). Similar results are reported in the study by Ioannou
et al. (2010) where the coefficient (R2 = 0.76) was found
between the water absorption 1.6–5.6% and LA ˃ 23% of

limestone. The authors indicated that weathering activities
influenced the distribution of pore size and performance.

Table 7 gives a summary of the relationships between po-
rosity, water absorption, and LA. The strength direction of the
equations describing the relationships is largely characterized
by moderate to strong correlation coefficients and few equa-
tions which are close to perfect correlations. These may give
the indication of the effects of porosity on the mechanical
performance of rocks.

Conclusions

A comprehensive literature review study has been conducted
to establish the relationship between geological parameters
(mineralogy, grain size, crystal size, grain shape, and porosity)
of rocks and two most common tests: the Los Angeles (LA)
test and micro-Deval (MD) test. The geological make-up of
rocks comprise of a wide range of properties that influence the
physical-mechanical performance. In view of the findings,
Table 8 gives a summary following the chronological struc-
ture of thematic concepts discussed in the paper, i.e. geologi-
cal factors as type, and their effects on LA/MD.

The findings of the review study prove that it is not suffi-
cient to draw final conclusion regarding the mechanical

Table 7 Summary of the
relationship between LA and
porosity, water absorption given
in regression equations

Type of rock Equation Reference

Igneous, sedimentary,
and metamorphic

LA = 1.293Pa + 27.472, R = 0.342

LA = 3.057WAb + 21.463, R = 0.596

LA = 30.371 − 0.901Pa + 0.162 P2, R = 0.418

LA = 20.032 + 4.673WAb − 0.13WAb2, R = 0.607

Esfahani et al. (2019)

Limestone LA = 1.8744WAb + 20.489, R2 = 0.76 Ioannou et al. (2010)

Limestone LA = 5.906 (nt
a) + 1.5039, R = 0.88

Wab = 0.0577LAV − 0.2856, R = 0.81

Naeem et al. (2014)

Mafic

Ultramafic

Intermediate-acidic
volcanic

LA = 3.3336nt
a + 10.303, R2 = 0.76

LA = 9.9902e0.7445w(b), R2 = 0.65

Petrounias et al.
(2018a, b, c)

Trachyte

Mafic

Ultramafic

LA = 10.0294Wa
b + 12.1085, R2 = 0.76 Rigopoulos et al. (2013)

Metamorphic

Sedimentary

Igneous

LA = 33.894 (APa)0.1473, R = 0.35

LA = 13,164 (UVWb)−6.2501, R = 0.54

LA = 27.069 (APa)0.08, R = 0.44

LA = 35,175 (UVWb) −7.3541, R = 0.60

LA = 9.974 (APa)0.3937, R = 0.93

LA = 44.661 (UVWb)−1.1609, R = 0.94

Ozcelik (2011)

a (P, nt, AP), porosity;
b (WA,W, Wa, UVW), water absorption
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performance based on one textural factor; thus, a simultaneous
consideration of all the relevant factors is necessary. The
relationship/correlation between MD and geological parame-
ters is not widely considered compared to LA; therefore, re-
search efforts in this area are needed. Furthermore, the rela-
tionship between LA, MD and micro-cracks, mineral spatial
distribution, and mineral shape should be further investigated.
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Table 8 Summary of major
factors affecting LA and MD
(types and effects)

Type Major findings on effects

Primary minerals and disposition

1. Quartz

2. Feldspar

3. Mica

-A larger content of quartz and feldspar increases the resistance to LA and
MD.

-A mica content up to 15–20% in rocks does not compromise the overall
strength property.

-The intragranular matrix of these minerals also contributes to the degree of
disintegration and wear a rock experiences under the test regimes.

Secondary and accessory
minerals and disposition

1. Serpentine

2. Chlorite group of minerals

-LA and MD performance largely depends on the content, and disposition
of secondary and accessory minerals present in tested rock sample.

Textural composition

1. Grain size

2. Crystal size

-The size, shape, and spatial dispersion of mineral grains are mainly
affected by foliation and subsequently influence the textural description
and performance of rocks.

-Some authors mentioned that the grain size smaller than 1 mm coupled
with fine-grained compositional texture also contributed to fragmenta-
tion and wear resistance. They argued that a grain size larger than 1 mm
or medium- and coarse-grained fabric in some case enhances disinte-
gration of rocks under impact from LA.

-Some rocks also develop heterogenic textural grain feature (i.e. fine,
medium, and coarse or a combination of fine and medium, medium, and
coarse). Rocks composed of such feature have poor grain interlock
within the boundaries which in turn reduces resistance to LA and MD.

-The texture coefficient (TC) principle appears to be a feasible approach to
analyse multiple textural parameters of the microstructure in relation to
LA, in spite of its limitations. Furthermore, few studies have sought to
adopt this approach and to establish the relationship with LA.

Textural composition

1. Grain shape

-Morphological description of rocks is based on three parameters, namely,
form descriptor, surface texture descriptor, and angularity descriptor
which all have independent influence on the performance of rocks by
LA/MD test.

-Rocks composed of steep apex (angular) morphological features experi-
ence rapid disintegration/wear under LA/MD test.

-Rock surface texture is most likely to experience wear under MD test.

-Disintegration and wear of form descriptor enhance mass loss.

Textural composition

1. Porosity

-Most papers report moderate and strong positive correlation coefficients
between porosity and LA. This means that highly porous rocks
experience rapid disintegration under LA.
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Abstract
The present study investigates the mechanical performance of recycled aggregates derived from excavation materials (REM). 
REM is blended with different quantities of recycled phyllite materials (RPM) and is investigated by Los Angeles (LA) and 
micro-Deval (MD) tests. X-ray diffraction (XRD) and acid solubility test are performed on the pulverized fractions < 1.6 mm 
obtained from the LA and MD tests to assess the respective degree of fragmentation and wear of mineral components. The 
results of the materials in unblended conditions showed  considerable difference between MD performance while similar 
performance was found for LA. Furthermore, about 40% of RPM was sufficient to blend with REM without disturbing the 
required performance for blended mixtures. Mechanically weak minerals, i.e., phyllosilicates in RPM, significantly influ-
enced the MD performance in blended and unblended varieties, and limestone minerals seem to disintegrate when mixed 
with amphibolite -which has the potential to dissolve in acidic environments.

Keywords Recycled excavation materials · Recycled phyllite materials · Los Angeles · Micro-Deval · Phyllosilicates

Introduction

Recycled materials are receiving global attention thanks to 
the significant attainable environmental and economic bene-
fits (Wang et al. 2018). However, large quantities of recycled 

materials (e.g., produced from construction and demolition 
waste (CDW), etc.) require significant management planning 
(Ritter et al. 2013). Given this, stringent legislative policies 
and regulations enforce the potential value. In Europe, for 
instance, one of the legal and action plan initiative for waste 
management is the Waste Framework Directive 2008/98/EC 
which present basic guidelines toward recycling and reuse 
(European Commission 2008). This initiative promotes 
resource efficiency by supporting recycle operations and the 
market value of recycled materials for construction activities 
(Haas et al. 2020).

Considering CDW, the European waste catalogue (EWC) 
specifies mineral waste that constitutes typical CDW in a 
table of sequence, where excavated soil, stones, and dredging 
spoil are listed. Hence, some countries consider excavated 
soil and land leveling materials as CDW (Ng and Engelsen 
2018). The management of excavation materials particularly 
from construction activities has not received enough attention 
due to socio-economic and political reasons (Crawford et al. 
2017; Dahlbo et al. 2015; Huang et al. 2018). This has made 
it almost difficult to trace and track global volume generated 
annually. Consequently, data on  handling and use of exca-
vation materials is under-reported (Magnusson et al. 2015). 
So far, readily accessible recycling technologies for CDW 
focuses more on other waste products such as wood, concrete, 
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masonry, glass, etc. (Menegaki and Damigos 2018; Ng and 
Engelsen 2018; Tam and Tam 2006), than excavated soil. 
Nevertheless, a few countries such as France, Italy, Austria, 
and Switzerland have implemented national legislative and 
recycling guidelines to promote excavation materials, mainly 
from tunnel construction (Magnusson et al. 2015). Similarly, 
in Norway, national projects such as Kortreist stein (short-
travelled aggregates) and RESGRAM (recycled aggregates 
from excavation masses) are designed to develop technologi-
cal processing solutions for sustainable use of high-quality 
excavation materials. Norway has a long tradition of adopting 
national policies and regulations, economic incentives, and 
extended producer responsibility to promote recycle opera-
tions and to create a market for high-quality waste materials 
(Karstensen et al. 2020).

Currently in Western Norway, the production of recycled 
excavation materials (REM) using a modernized wet pro-
cessing recycling technology is practiced. This technology 
may be regarded as one of the best processing methods when 
it comes to recycling large and complex stream of waste 
materials. It effectively produces quality products through 
its washing steps and separation efficiency. In addition, the 
technology balances processing, material quality and market 
performance. Given that recycled aggregates derived from 
REM vary from source to source in geology, and they con-
stitute a significant amount of fine fraction with potential 
organic and clay contaminated particles, its management 
is complex. Hence, the technology operated in Norway is 
an ideal choice. The recurring challenge is that subsequent 
physical, mechanical, and chemical properties of processed 
REM are not consistent and stabilized. This is because the 
REM produced are occasionally constituted by phyllites in 
the stockpile (Norby 2020). Phyllites are characterized by 
layered silicates and have low strength properties (Dengg 
et al. 2018); hence in this context, this could contribute to 
the performance variation observed in processed REM. In 
the USA, New York City faces the challenge of enacting 
policies which may open for complete use of REM (Walsh 
et al. 2019). These developments increase the skepticisms 
about the service performance and overall use of REM. Nev-
ertheless, some studies have demonstrated the feasible use 
of REM in other applications (Dengg et al. 2018; Lieb 2011; 
Voit and Kuschel 2020).

In general, the mechanical performance of recycled 
aggregates produced from excavation materials may be 
intrinsically linked to mineralogical constituents. In a 
recent study, the Los Angeles (LA) and micro-Deval (MD) 
performance of REM was studied (Norby 2020). The LA 
values were found to be in the region 25–28%, while the 
MD varied considerably from 7 to 20%. In another study, 
the LA of REM increased from 17–30% and 10–26% for 
MD (Barbieri et al. 2019). Both studies demonstrated in an 
X-ray diffraction (XRD) analysis that REM comprised of a 

significant amount of phyllosilicates (i.e., mica and chlorite 
minerals) (Barbieri et al. 2019; Norby 2020). Furthermore, a 
comprehensive review study of the influence of mineralogy 
and other geological parameters on the LA and MD perfor-
mance of different rock aggregates has recently been pub-
lished (Adomako et al. 2021). The study found that quartz 
and feldspar had a good correlation to LA and MD perfor-
mance and that rock aggregates containing approximately 
20% of mechanically weak minerals such as phyllosilicates 
show satisfactory mechanical properties. The study further 
identified some textural features such as spatial distribution, 
grain shape and size, morphology, etc. as influential factors 
(Adomako et al. 2021). In another study, recycled phosphate 
aggregates of sedimentary origin composed of limestone, 
marl, and flintstone from a single location showed a signifi-
cant variation of 46–67% for LA and 50–70% for MD due 
to the presence of clay and flintstone (Amrani et al. 2019). 
At this point, conclusions may be reached that the influence 
of mineralogy on the performance of excavation materials 
is fundamental.

It is also essential to emphasize that some authors have 
generally reported satisfactory performance values for exca-
vation materials. In one particular case involving recycled 
andesite and marble aggregates from the same source, the 
LA of both materials reached permissible strengths of 25% 
and 27%, respectively, and therefore the authors implied 
that both materials could be applied in asphalt pavements 
characterized by light to medium traffic (Akbulut and Gürer 
2007). The LA performance of recycled basalt aggregates 
was reported to be 13% and was incorporated into stone 
mastic asphalt (Karakuş 2011). The LA of recycled crushed 
basaltic aggregates was reported to be satisfactory at a value 
of 21% in the study by Arulrajah et al. (2012). In specific 
cases where the performance is compromised, it has been 
suggested by some authors that these materials (e.g., recy-
cled basaltic aggregates) may be blended with other materi-
als to achieve higher workability and strengths (Ali et al. 
2011; Arulrajah et al. 2013). Speaking of blending recycled 
materials to achieve optimum performance, a function-based 
investigation by repeated load triaxial test was performed on 
REM which had been partially replaced by phyllite materials 
in different quantities (Adomako et al. 2022). The result first 
showed considerable stiffness variation between REM and 
phyllites in unblended condition, and phyllites substituted 
at 25% and 50% in REM confirmed a decrease in stiffness  
with increased content of RPM. Regarding the deformation 
behavior, both materials performed similarly. Conclusions 
reached by the authors were that the performance of the 
materials typically compares to other recycled materials 
despite the stiffness variation.

From the above review, it is clear that a few studies have 
extensively researched on the implications of mechanically 
weak rocks constituted in excavation materials. Questions 
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related to which production level of REM may be expedient 
considering the presence of weak materials, and how the 
masses may be mixed to achieve satisfactory mechanical 
performance has not been studied in detail. Given this, the 
purpose of the present study is to investigate the LA and 
MD performance of REM mixed with mechanically weak 
materials in different quantities to establish the limit thresh-
olds while maintaining acceptable performance. The study 
aims at establishing performance relationships based on the 
content of recycled phyllite materials (RPM) in REM and 
potential applications in unbound layers of road pavement. 
This approach may  promote  the use of REM in quantities 
significantly higher than current production levels and may 
serve as quality control guide in matters of REM and other 
mixtures. The last part of the study was to examine chang-
ing mineral assembly in the fine fractions extracted from 
blended mixtures in order to identify and understand which 
minerals abrade in both tests as indication of the effect of 
weak minerals. The study also compares the performance 
of other rock aggregates derived from different production 
sites across Norway.

Materials and methods

Sample preparation

In this study, the production of REM and RPM at Velde AS 
in Sandnes (Norway) is shown in Fig. 1. The facility uses 
wet recycling technology (CDE, Northern Ireland) to process 
excavation materials and construction waste. The facility has 
a 350 tons per hour processing capacity. The processing steps 
begins with transporting the feedstock of excavation material 
onto a 100 mm grizzly feeder which is further transported to the 
scrubbing and washing units of the recycling facility. An over 
band magnet separator removes ferrous metals from the materi-
als. Lightweight floatation materials are dewatered and sepa-
rated through another chamber, and the rest of the feedstock 
are dewatered and fractionated before passing through second-
ary magnetic separation. The final products then comprise of 

fractionated fine and coarse size particles. The fraction obtained 
for investigation in the study is 4/16 mm. This is one of the 
standard fractions currently produced by the facility for road 
and concrete applications. The lithology of REM comprise of 
gneiss, granite, feldspathic rock, and occasional presence of 
phyllites (Norby 2020). The materials were sourced from the 
north Jæren region in Norway. On the other hand, RPM (320 
tons) was obtained from a surplus material which had been col-
lected after cable trench blasting operations in Stavanger city. 
The processing of both REM and RPM through the recycling 
plant followed the same production protocol.

Other rock materials were included in the experimental study 
for a useful comparison to the performance with REM and RPM 
in blended and unblended conditions. This was to broaden the 
scope of materials likely to be found in excavation materials. 
These rocks were conventionally produced as they were mechani-
cally crushed and separated into various sizes and are for com-
mercial use. Table 1 shows the characteristics including the 
processing technique, and source of materials used in the study.

Mix design of RPM in REM and PGr

Blended and unblended mixtures of RPM, REM and PGr, and 
the different fractions obtained for X-ray diffraction analysis 
(XRD) is as shown in Table 2. As mentioned already, REM 
was blended with other rock aggregates including PGr. The 
reason for generating such mixture was to understand to effect 
of hard and durable rock in REM. The fractions obtained after 
the LA test were separated using a 1.6 mm sieve; hence, frac-
tions denoted by 4/16 in Table 2 represent a batch of materi-
als before  LA and MD tests. Obtaining fine fractions after 
the MD test was challenging; therefore, the process involved 
pouring the tested specimen onto a 1.6 mm sieve, and the 
liquid residue passing through the 1.6 mm was collected and 
oven-dried at a temperature of 80 °C for 24–48 h.

Physical and mechanical tests

The particle-size distribution of the samples was deter-
mined following the procedure described in (CEN 933-1 

Fig. 1  Production of REM and 
RPM from Velde Pukk: a trans-
port of materials on a conveyor 
belt and b washing process
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2012a) by mechanical sieving. The flakiness index (FI) was  
evaluated based on the techniques described in (CEN 933-3 
2012b). In addition, the particle density (oven-dried) and 
water absorption were determined according to (CEN 1097- 
6 2013) on aggregates passing 31.5 mm and retained on 
4 mm sieves.

Regarding the LA and MD, the procedures described 
in (CEN 1097-2 2010) and (CEN 1097-1 2011), respec-
tively, were followed. The particle size for the LA test 
was 10/14 mm, and a 5000 ± 5 g test portion was derived 
from the laboratory sample. Eleven steel balls were 
added to the test mass. The test duration completes at 500 
revolutions, i.e., 15 min. After the test, the aggregates are 
washed on a 1.6 mm sieve, dried, and the mass loss (%) 
is determined. The MD test involved 2.5 ± 0.5 L of water. 
The particle size for MD was 10/14 mm, and the test 
portion was 500 g. Spherical balls amounting to 5000 g 

was added to the test mass and soaked in the cylindri-
cal steel drum. The test cycle is up to 2 h, and after the 
test, the aggregates are washed on a 1.6 mm sieve, and 
the retained fraction is dried. The average mass loss (%) 
of two test specimens is calculated as the micro-Deval 
coefficient. In both tests, low coefficients imply strong 
resistance.

Chemical and mineralogical analysis

The pulverized fraction of REM, RPM, and PGr was ini-
tially selected, and the mineral composition was determined 
by Bruker D8 Focus X-ray diffractometer in Bragg–Bren-
tano geometry (θ/2θ), equipped with a LynxEye super-
speed detector. Generator settings were 40 kV, and 40 mA 
and diffractograms were recorded with Cu-Kα radiation 
(λ = 1.54060 Å), a step size of 0.02° and a fixed divergence 
slit of 0.2 mm. The measurements were taken from 5 to 
60° 2θ. The specimens were prepared by a combination of 
front- and side-loading to reduce particle orientation effects. 
First, the specimen was carefully pressed into the specimen 
holder (front-loading), and the surface was flattened with 
a glass plate. While holding the glass plate on the surface, 
the holder was laterally knocked on the table to compact the 
powder to reduce the orientation of particles (side-loading). 
Potential free space in the holder was then filled, and the 
procedure was repeated. Excess material was stripped off 
with a glass plate.

In the blended mixture of Lim and Amp, fractions 
< 1.6 mm deriving from the LA tests were used for the 
acid-solubility tests. The test was performed based on NT 
Build 437 (1995). First, the sample was milled and then 
reduced to a test portion. Next, a sample mass of 4 g was 
transferred into a 250 ml beaker fixed onto a magnetic stir-
rer. Next, 3 ml ethanol, 150 ml of denoised water, and 10 ml 
of concentrated nitric acid were added into the beaker and 
mixed using a magnetic stirrer plate. After 30 min of agi-
tation, the beaker rested for some hours and the insoluble 
part was gravimetrically calculated and used to determine 
the acid solubility.

Table 1  Description of the samples studied

Sample name Material type Process type/
technology

Composition Producer Source of material Particle-size 
(mm)

REM Excavation material Wet processing Gneiss, Granite, and 
Feldspatic rock

Velde North Jæren 4/16

RPM Excavation material Wet processing Phyllite Velde Stavanger 4/16
CrR Rock material Crushed Gneiss, Granite, Feldspar, 

and quartzite
Reddal Sand Kristiansand 8/16

Lim Rock material Crushed Limestone Franzefoss minerals Nordland 10/20
PGr Rock material Crushed Porphyritic Granite Ringknuten Kristiansand 8/16
Amp Rock material Crushed Amphibolite Ringknuten Kristiansand 8/16

Table 2  Intermix of RPM in REM and PGr and fractions used for 
XRD analysis

Sample name Mix proportion 
RPM (%)

The fraction used for XRD

RPM(4/16) 100 4/16 mm
RPM100 100 < 1.6 mm after LA
RPM100(> 1.6) 100 > 1.6 mm after LA
RPM100 MD 100 < 1.6 mm after MD
PGr100 100 < 1.6 mm after LA
RPM80-REM20 80 < 1.6 mm after LA
RPM60-REM40 60 < 1.6 mm after LA
RPM40-REM60 40 < 1.6 mm after LA
RPM20-REM80 20 < 1.6 mm after LA
RPM80-PGr20 80 < 1.6 mm after LA
RPM60-PGr40 60 < 1.6 mm after LA
RPM40-PGr60 40 < 1.6 mm after LA
RPM20-PGr80 20 < 1.6 mm after LA
REM(4/16) 0 4/16 mm
REM100 0 < 1.6 mm after LA
REM100(> 1.6) 0 > 1.6 mm after LA
REM100 MD 0 < 1.6 mm after MD
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Results and discussion

Physical properties

The water absorption (WA), particle density ( �density) , and FI 
performance of studied materials is shown in.

Table 3. These are essential parameters for selecting rock 
aggregates for road construction and concrete. The WA coeffi-
cients obtained in the study was 0.3–0.6%. Martinez-Echevarria 
et al. (2020) reported the WA values of natural and recycled 
aggregates at 1% and 4–9%, respectively. Generally, high-
quality rock aggregates tend to have low WA coefficients due 
to their small pore space and the tight intergrowth of the grain 
boundaries. In this study, it may be claimed that such less porous 
response, particularly for recycled materials, shows the potential 
to reduce the effects of ice and salt crystallization within the voids 
(Hartley 1974). The �density values obtained in this study ranged 
from 2.5 to 2.7 g/ml, which agrees well with similar measure-
ments performed on other aggregates. For example, a study 
reported 2.8 and 2.4 g/ml �density for natural and recycled con-
crete aggregates, respectively (Martinez-Echevarria et al. 2020). 
Furthermore, a study in India reported �density of 2.2–2.3 g/ml 
for excavation mass (10/20 mm) produced by wet processing 
technology (Engelsen et al. 2020).

Regarding the FI, the Norwegian pavement design code 
N200 sets the FI threshold equal to 20–25% for bound and 
unbound layers based on the actual or anticipated annual 
average daily traffic (Norwegian Public Roads Administration 
2018). Therefore, particles with high FI are not recommended 
for construction. In this study, Lim and RPM recorded 38% 
and 31%, respectively, which is higher than the cut off speci-
fied in N200. The FI of REM was 13%, consistent with the 
range 7–18% of recycled aggregates (Martinez-Echevarria 
et al. 2020). Both CrR and Amp had an FI of 10%, and PGr 
had 14%. Overall, the materials used in this study showed good 
physical properties except for Lim and RPM with high FI.

The particle-size distribution of the materials is shown in 
Fig. 2. For RPM 4/16, approximately 7% of the fraction was 
less than 2 mm, making it significantly finer than the others, 
except amphibolite which had about 8% < 2 mm. In addition, 

around 3% of CrR 8/16 fraction was less than 4 mm. The 
gradations shown in Fig. 2 is consistent with industrial pro-
duction of all materials. Based on visual inspection, the 
texture of mechanically crushed materials appeared to have 
sharp angular grain shapes. Considering the sliding and 
interlocking effect between the contact surface of the par-
ticles during handling and transportation, this could be the 
reason for the fine fraction obtained in some of the samples.

Mechanical performance of REM blended with RPM 
and PGr

The LA and MD performance related to blended mixtures 
of REM with RPM and PGr, and respective combinations is 
shown in Fig. 3. To define the maximum intermixing level 
of the weakest material, the performance was compared to 
the Norwegian LA and MD criteria for aggregates used in 
the sub-base and base layers. These are MD ≤ 15% for base 
and ≤ 20% for subbase course and LA for base and subbase 
at ≤ 35% (NPRA 2018).

Table 3  Physical properties of the samples specified as arithmetic mean ± 1 standard deviation, n = 3, and limit threshold for bound and unbound 
application in N200

Sample name WA (%) EN 1097-6 NPRA (2018) �density(g/ml) 
EN 1097-6

NPRA (2018) FI (%) EN 933-3 NPRA (2018)

REM 0.3 ± 0.2 Values must be declared 2.5 ± 0.1 Values must be declared 12.6 ± 2.5  ≤ 20–25
CrR 0.3 ± 0.9 2.7 ± 0.1 10.1 ± 1.7
Lim 0.3 ± 0.4 2.6 ± 0.2 38.5 ± 0.2
PGr 0.3 ± 0.5 2.5 ± 0.1 14.7 ± 2.3
RPM 0.6 ± 0.1 2.5 ± 0.1 31.1 ± 1.3
Amp 0.3 ± 0.5 2.7 ± 0.3 10.6 ± 0.3

Fig. 2  Particle-size distribution of tested materials
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Considering the LA performance of REM blended with 
RPM (Fig. 3a), the results show that all blends produced in 
the study was below the upper LA limit of 35%. This was 
expected since the LA values of the materials in unblended 
state were 28% and 26% for REM and RPM, respectively. 
Other LA values for phyllite and quartz phyllite have been 
reported to be 17% and 26%, respectively (Adom-Asamoah 
and Afrifa 2010; Voit and Kuschel 2020) which clearly 
shows the extent of performance variation within the same 
material. According to Voit and Kuschel (2020), the quartz 
phyllites had a significant schistosity textural characteristics, 
hence this may have contributed to the low resistance to LA.

Regarding the MD performance of REM which had been 
partially blended with RPM, the results show some changes 
(Fig. 3a). The MD values of unblended REM and RPM was 

6% and 26%, respectively. In this case, MD was the critical 
parameter in RPM; hence, it was observed that increased 
content of RPM in REM reduced the wear resistance. Fig-
ure 4 present the LA and MD of selected rock materials 
in Norway (Norwegian Geological Survey (NGU) 2019). 
Based on reported LA and MD performance, it could be 
mentioned that the LA of both REM and RPM are satisfac-
tory. Regarding the MD, although the MD of RPM is sig-
nificantly higher which indicates low resistance, our study 
demonstrates that 40% replacement ratio of RPM in REM 
gives a competitive baseline of the maximum quantity of 
RPM in REM. In view of this, the performance is compara-
ble with natural rock materials shown in Fig. 4.

The PGr was found to be a hard and durable material 
in this study, as shown in Fig. 3b. The LA and MD of PGr 
was found to be 18% and 9%, respectively. The effect of 
blending PGr in REM resulted in improved resistance to the 
LA. This was expected given the performance of PGr. The 
MD performance of both materials did not significantly dif-
fer from each other. Compared to other studies, Afolagboye 
et al. (2016) reported the LA performance of PGr in the 
region 25–28%. In addition, the performance of PGr is com-
parable to the values obtained from other hard rocks such as 
gneiss, gabbro, basalt, and amphibolite in Fig. 4. From the 
conclusions reached in the review by Adomako et al. (2021), 
that hard minerals, strong interlock boundaries, and mor-
phological features contribute to resistance to crushing and 
wearing of rocks; it may equally be said of PGr, and other 
rocks reported in Fig. 4, given the good performance. RPM 
was also blended with PGr to assess the performance (see 
Fig. 3c). Again, the critical factor is the MD performance of 
RPM, as increased content decreased the MD performance 
of the mixture. In view of this, RPM’s maximum content 
for optimal performance of the mixture was observed in the 
region of 20–30%.
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PGr in REM, and c RPM in PGr Fig. 4  The LA and MD of different rock materials found in Norway
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Concrete rubbles often appear in excavation materials. 
They are often crushed to recycled concrete aggregates 
(RCA) in different grain sizes for use in road construction 
or production of new concrete. RCA often contain varying 
amounts of calcium carbonate  (CaCO3) due to the well-
known carbonation process occurring in the concrete ser-
vice life (Engelsen et al. 2017). In crushed conditions, the 
 CaCO3 may increase due to the higher surface area for car-
bonation. Generally, research has demonstrated the effect 
carbonation in recycled materials (e.g., RCA) (Dongxing 
et al. 2017; Engelsen et al. 2017). A recent study has inves-
tigated the performance of concrete using excavation mate-
rials and concrete rubble as feedstock to produce recycled 
aggregate (Mujica et al. 2019). Given that carbonation is 
likely to influence the performance of RCA in REM, this 
study utilizes limestone to replace RCA. Limestone contains 
a significant amount of  CaCO3. Hence, the effect of mix-
ing limestone (Lim) representing crushed concrete rubble 
in REM is essential. Figure 5a–c shows the performance 
of Lim blended with REM and Amp, and CrR and REM. 
Altered pyroxene results in Amp and in some cases, Amp 
is also shown to have low resistance to wear and crushing 
(Johansson et al. 2016; Ajagbe et al. 2015). In addition, it 
has been found that Amp dissolves in acidic environments 
at low to medium temperatures and forms clay like minerals 
such as chlorite and griffithite (Yongli et al. 2019). Given 
this, mixing Lim with Amp was essential to establish a base-
line criteria and to further investigate potential solubility of 
both materials in acidic environment.

The LA and MD performance of Lim was 33% and 
29%, respectively. The maximum intermixing level of Lim 
in REM was below 40%, where the MD was the weakest 
parameter in comparison to other rock materials. Both the 
LA and MD performance can be seen in Fig. 5a. Other 
study report the LA values of Lim in the region of 25–38% 
(Jayawarden 2017; Pang et al. 2010). To establish a baseline 
mix criteria for Lim if blended with Amp (amphibolite)—a 
product of pyroxene, the result in Fig. 5b shows that the 
Amp used in the study was also hard and durable. Hence, 
an intermix level of Lim up to 20% was sufficient to comply 
with the MD requirement. The LA and MD of Amp was 16% 
and 12%, respectively. This is comparable to the LA and MD 
performance of other hard rocks shown in Fig. 4.

Furthermore, the crushed rock material (CrR) which 
was used in this study comprised of sharp-grained gran-
ite, gneiss, feldspathic rock, and quartzite and the results 
showed lower LA and MD strength compared to REM 
(see Fig. 5c). The LA and MD of CrR was 36% and 15%, 
respectively. Although the composition of different litho-
types in CrR was not quantified in this study, the authors 

believe that other textural features may have contributed 
to the low resistance in LA. Given the presence of quartz 
dominant materials and feldspar, the concept of propor-
tionality of quartz to feldspar (QFR) as established in the 
review by Adomako et al. (2021) seem to have very little 
influence in this case. In Fig. 6, example of the narrative of 
QFR is shown. It can be seen that QFR was the main influ-
ential mineral. The LA parameter of CrR was not signifi-
cantly over the cut-off. Nevertheless, the maximum mixing 
level of CrR in REM was 75% to meet the base/subbase 
criteria from a technical viewpoint.
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Fig. 5  LA and MD performance of intermix of a Lim in REM, b Lim 
in Amp, and c CrR in REM
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Identification of weak mineral assembly

The crushing and wearing effect of the LA and MD tests 
reduce the particle size and changes the state of textural 
features. Hence, determining the mineralogy of the fine 
fraction (< 1.6 mm) provides essential information on the 
intermixing effect. The fine fractions from the Lim-Amp and 
RPM-REM mixes were therefore analyzed. Considering that 
Lim is mainly composed of  CaCO3, acid solubility of the 
fine fraction was investigated. This approach could indicate 
the primary mineral types pulverized and compounded in 
< 1.6 mm fraction after the LA test. The results of acid solu-
bility of the fine fractions (< 1.6 mm) are shown in Fig. 7. 
In unblended condition, the acid solubility of Lim and Amp 
was 100% and 7%, respectively. Since the acid-soluble part 
of amphibolite is only 7%, the soluble carbonates (mostly 
 CaCO3) in Lim dominate at increased intermix levels; hence, 
it was apparent that the carbonate minerals in Lim were the 
major minerals in the fine fraction. The nonlinearity may 
relate to a slight increase in the acid solubility of Amp upon 
increased mixing content of Lim.

Since the mineral assembly present in the fine fractions 
of RPM-REM cannot be assessed with the acid-soluble 
test, XRD test was performed, and the results are shown in 
Fig. 8. The mineral compositions of RPM and REM before 
LA are denoted by RPM (4/16) and REM (4/16). In addi-
tion, RPM100 (< 1.6) and REM (< 1.6) depicts the mineral 
assembly which accumulated in the fine fraction < 1.6 mm 
sieve and RPM100 (> 1.6) and REM (> 1.6) represent miner-
als retained on 1.6 mm sieve after the LA tests.

The main minerals identified in RPM are microcline/
orthoclase and traces of anorthite from the feldspar group, 
quartz, biotite, muscovite, and chlorite. The mineral com-
position of REM is microcline/orthoclase and plagioclase 
from the feldspar group, quartz, muscovite, biotite, and a 
small quantity of clinochlore. The diffractograms of mica 
and chlorite in RPM showed high peak intensities in the fine 
fraction (4/16) given as the reference material, i.e., before 
LA testing. This indicated the crushing effect occurring at 
the expense of these soft minerals. Conversely, the diffracto-
grams of the pulverized trace of REM showed insignificant 
intensity of weak minerals. This development relates to the 
low presence of weak minerals and shows that the REM used 
in the study was a good material.

Furthermore, XRD analysis was performed on the 
blended mixtures composed of RPM and REM (Fig. 9a) and 
PGr and RPM (Fig. 9b). The diffractograms show the frac-
tions < 1.6 mm after the LA tests. Both cases found a good 
correlation between increased intensities (amount) of mica 
and chlorite peaks with increased RPM content. This was 
expected because RPM contained a significant amount of 
phyllosilicate minerals; therefore, these were the main min-
erals that were significantly pulverised in the LA and MD 
tests. However, a moderate presence of phyllosilicate miner-
als (about 15–20%) is reported to have no influence in the 
LA and MD performance in phyllites (Norby 2020). In this 
case, this means that the influence of weak mineral depends 
on the quantity present. Similar conclusions were reached 

Fig. 6  The influence of miner-
als on the LA performance of 
different rocks (adapted from 
Ajagbe et al. 2015)
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Fig. 7  Effect of acid solubility on the intermix of Lim in Amp
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in other studies (Anastasio et al. 2016; Nålsund 2010) for 
different types of rocks. Although no quantitative estimates 
of mineral components in percentages were determined in 
this study, it is evident that the performance of PGr was not 
influenced by the peak of mica in the diffractogram. Further-
more, it is claimed that the effect of mica minerals on the 
strength property also depends on its structural formation 
and distribution of the grain boundaries (Fortes et al. 2016). 
From this standpoint, it may be appropriate to mention the 
importance of reaching conclusion based on global geologi-
cal nature, as mentioned by Adomako et al. (2021).

The relationship between the test method and mineralogy 
was studied to compare the effect of both LA and MD on 
the degree of wear of minerals present in RPM and REM. 
In Fig. 10, the results of the diffractograms in connection to 
the test methods are displayed. REM100LA and REM100 
MD represent the diffractograms taken on fine fractions 
after both LA and MD tests, respectively. The same clas-
sification occurs for RPM100LA and RPM100 MD. Gener-
ally, the investigation highlighted a high wearing tendency 
of mechanically soft minerals (mica and chlorite) in the 
MD test compared to the disintegration or crushing effect 

Fig. 8  X-ray diffractograms pat-
tern of RPM and REM, marked 
with the prominent peaks 
of the main mineral phases 
(Chl = chlorite, Mi = mica, 
Fs = feldspar, Qz = quartz). * 
indicates an artefact (“the spot-
tiness”) caused by abnormal 
high intensity of a large grain in 
diffraction position (here quartz)

Fig. 9  X-ray diffraction results 
showing mineral accumula-
tion and changes in the fine 
fraction (< 1.6 mm) after the 
LA test of a RPM-REM and b 
RPM-PGr blends, marked with 
the prominent peaks of the main 
mineral phases (Chl = chlo-
rite, Mi = mica, Fs = feldspar, 
Qz = quartz).* indicates an 
artefact (“spottiness”) caused 
by abnormal high intensity of a 
large grain in diffraction posi-
tion (here quartz). Peaks around 
11° 2θ observed in some dif-
fractograms might be associated 
with cyclosilicate minerals (e.g., 
cordierite/indialite)
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associated with LA testing. This development is shown in 
the peak intensities of the minerals. The findings are consist-
ent with the claim that the degree of degradation by MD on 
rock aggregates is connected to mineral hardness, defined 
by the Mohs hardness scale (Wang et al. 2017). Some stud-
ies (Apaydın and Yılmaz 2019; Johansson 2011) have also 
reported that reliable relationships exist between the content 
of mica and MD on granitoid and basaltic rocks. Given this, 
it may be concluded that the amount of mica and chlorite in 
RPM may have contributed to the weak MD performance. 
This also shows the importance of assessing both parameters 
(LA and MD), particularly for mixed recycled aggregates.

Conclusions

This study has presented the results of the mechanical per-
formance of recycled aggregates derived from excavation 
materials (REM) which is mixed with recycled phyllite 
materials (RPM). The Los Angeles (LA) and micro-Deval 
(MD) tests were used in the investigation. In addition, X-ray 
diffraction (XRD) and acid solubility tests were performed 
to identify mechanically weak minerals accumulated in the 
fine fraction, after the tests.

The results have shown that RPM and REM had similar 
and satisfactory LA of 28% and 26%, respectively, but a sig-
nificant difference in MD performance of 26% for RPM and 
6% for REM was found. At the intermix level, it was found 
that REM could tolerate up to 40% of RPM before it exceeded 
the MD limit of 15–20% defined in N200 by the Norwegian 
Road Public Administration. Blending REM with the hard 
rock PGr (Porphyritic granite) indicated that a higher content 

of PGr in this combination showed increased resistance to 
LA. Furthermore, the maximum intermix level of RPM in 
PGr was only 20%. Regarding the use of limestone (Lim) 
in REM blends, Lim’s maximum blending ratio should be 
less than 40% to satisfy the MD limit. The LA was the criti-
cal parameter of mixtures generated from local crushed rock 
material (CrR) and REM; hence, approximately 75% of CrR 
was the maximum tolerable content to reach the base course 
and subbase criteria.

Consistency was found when the mineralogy of the 
fine fractions (< 1.6 mm) from the LA and MD tests were 
assessed. Limestone minerals mainly seem to disintegrate 
when mixed with amphibolite—a product of pyroxene which 
also is characterized by soluble components when exposed to 
acidic environment. The XRD analyses of pure and blended 
mixes of RPM in REM and RPM in PGr showed a good rela-
tionship between increased intensities of mica and chlorite 
with increased RPM. Regarding the relationship encompass-
ing LA and MD, and mineralogy, it was observed that the 
wearing of weak minerals (mica and chlorite) was high in 
the MD test compared to the disintegration effect by LA. 
This may be attributed to the conditions of MD test, namely 
(a) the wear nature of the test method, and (b) the moistur-
ized condition of the test. The less effect to mineral wear in 
LA may be due to reasons such as the dry method of the test 
and expected cushioning effect by pulverized fraction which 
prevents large particles to further disintegrate during the test.

Given the study’s overall findings, it may be concluded 
that the REM used in this study present excellent mechani-
cal properties due to the low presence of weak minerals and 
may be used for construction purposes. Furthermore, foreign 
rock materials (e.g., phyllite) in REM can be tolerable in 

Fig. 10  Diffractograms showing the relationship between LA and MD test and the minerals present in a RPM and b REM
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quantities significantly higher than the average levels found 
in today’s production. The authors are of the opinion that the 
findings of the study may be applicable in other scenarios 
where excavation is characterized by satisfactory LA and 
MD performance and a low content of mechanically weak 
minerals.
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Abstract: Recycled Excavation Materials (REM) are becoming viable alternative construction re-
sources due to their economic benefits. However, REM may be composed of weak rocks, e.g.,
phyllites, limiting the use in a base layer. The present paper attempts to further the knowledge of the
mechanical performance of REM by performing Repeated Load Triaxial Tests (RLTT). REM are mixed
with Recycled Phyllite Materials (RPM) in systematic blends of 0%, 25%, 50%, and 100%. The batches’
resilient modulus (MR) and permanent deformation (PD) characteristics were assessed to establish
the maximum RPM allowed into REM while maintaining the required performance. Hicks and
Monismith’s and Uzan’s models were used to characterize the stiffness behavior. A wide variation in
the stiffness between the two materials was observed. Batches comprised of 0% RPM–100% REM
and 25% RPM–75% REM showed high stiffness performance. The Coulomb model assessed the PD
behavior, and the results showed a similar response for all batches. Unlike the stiffness, blended
mixtures did not show sensitivity to increased RPM content in the PD. This study may help end-users
to understand the performance of REM given the documented threshold on the allowable quantity of
RPM in REM.

Keywords: recycled excavation materials; recycled phyllite materials; resilient modulus; perma-
nent deformation

1. Introduction

Construction and demolition waste (CDW) is by far the heaviest and voluminous
waste stream, accounting for 35% of total waste produced globally [1]. However, thanks to
environmental protection legislations and recycling technology, the operations of recov-
ering, and reusing recycled aggregates (RA) from CDW has been successful. As a result,
the application of RA in civil construction and performance has been studied for many
years [2–5]. Given the origin and composition of CDW, RA mainly recovered and used in
construction are recycled masonry aggregates (RMA), recycled concrete aggregates (RCA),
mixed recycled aggregates (MRA), reclaimed asphalt pavement (RAP), and construction
and demolition recycled aggregates (CDRA) [6]. RMA is sourced from crushed rubble,
RCA is obtained from demolished concrete structures, whereas MRA consists of mixtures
of RMA, ceramic tile, bricks and RCA. RAP is asphalt-based, and CDRA primarily consists
of plastic, glass, wood, etc. [6].

Within the framework of CDW, little attention is given to excavation materials (soil
and rock). In Europe, for example, the challenge of implementing a proper traceable system
has made it difficult to determine the precise volume generated every year. In addition,
today’s viable technology for recycling construction waste materials is more focused on
waste components such as glass, concrete, bricks, and wood [1,7]. However, the success of
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applying recycled excavation materials is demonstrated in big projects such as the Gotthard
base tunnel in Switzerland [8].

In Western Norway, Velde’s modern aggregates recycling plant produces recycled
aggregates (both soil and rocks) from excavation materials (REM), and occasionally phyllite
materials are encountered [9]. Phyllites are low-grade metamorphic rocks characterized by
phyllosilicates (mica and chlorite), and they usually have low engineering properties [10,11].
In addition, they are anisotropic, and weak planes develop following a preferred orientation,
making it easier for a fracture to occur along the direction of the planar orientation [12].
Nevertheless, phyllites with good geometrical and mechanical properties may be applied
in cement concrete [13].

Given the overall properties of RA, REM produced at Velde meets a range of technical
requirements and is environmentally and economically efficient. In particular, good Los
Angeles (LA) and micro-Deval (MD) performance are reported [9]. A comprehensive
study of mixing different levels of recycled phyllite materials (RPM) with REM to assess
the mechanical properties (LA and MD) and identify mechanically weak minerals was
performed [14]. The results showed that intermixing RPM significantly affected the MD at
high mixing levels (>40%). In addition, a good correlation was found between increased
peaks of phyllosilicate minerals (mica and chlorites) when increasing RPM content. Hence
the acceptable amount of RPM into REM was found. Generally, geological properties, par-
ticularly mineralogy, are reported to affect rock’s LA and MD performance significantly [11].
In other studies, 50% of REM was incorporated into RCA obtained from CDW for concrete
production [15]. The study showed that LA and MD performance of the mix were 30%
and 20%, respectively. In addition, compressive strength after 28 days of three samples
produced from the mix was reported in the region 57–65 MPa, and the acid-solubility was
within 4–7%, which was reasonably lower than RCA produced from a single source of
concrete rubble. REM use did not influence the physical characteristics, i.e., slump and
density of concrete products [15]. Detailed technical assessment of REM in India showed
good technical properties, i.e., specific gravity, LA, bulk density, soundness, and therefore
these materials are suitable for a wide range of construction activities [16].

Despite this notable performance of REM, their potential application in unbound
construction is not fully used in Norway due to limited research to characterize the behavior
under repeated traffic. For instance, this type of mechanical response can be characterized
by means of Repeated Load Triaxial Test (RLTT). Given this, REM may be applied as
unbound granular material (UGM) in road pavement’s base and subbase layers.

The RLTT investigates the mechanical performance of UGM in terms of resilient
modulus (MR) and resistance to permanent deformation (PD) [17–20]. In addition, the
test simulates the behavior of UGM under repeated traffic loads in real applications [21].
UGM generally show anisotropic and nonlinear characteristics [22,23]. Therefore, the MR
parameter adequately describes the behavior of these materials under cyclic compressive
loads. In UGM, deformation behavior is classified by elastic (recoverable) and permanent
(irrecoverable). Regarding the first behavior, high MR means high stiffness and is usually
related to high load bearing capacity. Furthermore, an increase in confining stress usually
leads to an increase in MR [24]. On the other hand, an excessive PD produces issues such
as rutting, which is commonly related to high levels of deviatoric stress compared with the
levels of triaxial stress.

The MR and PD behavior generally depends on several factors, including gradation,
moisture content, fines content, grain size and shape, stress history, loading frequency, and
stress level [24–27]. Given these factors, stress values and moisture content represent the
most sensitive conditions with a significant effect on the elastic and plastic deformation
properties.

The behavior of RA based on mixing levels and acceptable thresholds for sufficient
stiffness and PD performance by RLTT is reported in several studies. For example, 25%
of crushed brick (CB) blended with RCA and crushed rock (CR) showed optimal stiffness
and PD characteristics, and therefore, the mixture makes a good alternative for subbase
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material [28]. A similar study reported that 15% RAP and 85% RCA showed sufficient
stiffness and deformation response at optimum moisture contents of 59–78%, compared
with mixtures of increased RAP content at 30%, 50%, and 100% [29]. In conclusion, the
authors emphasized the importance of respecting the mixing threshold of RAP to achieve an
acceptable performance. The stiffness and PD behavior of RCA substituted with recycled
clay masonry at 10–30% content was studied, and the result showed that the stiffness
decreased while permanent strain increased with increased range of clay masonry, and the
mixtures showed sensitivity to moisture content [30].

Regarding mixtures comprising of CDRA content, a study on the stiffness and PD
behavior of mixtures of RCA and CR mixed with constant 1% crumb rubber and 1–5%
of crushed glass showed that the mixtures were sensitive to increased content of crushed
glass as both stiffness and PD improved [31]. In view of this, the authors recommended
that approximately 1% crumb rubber and 5% crushed glass should be the optimum mixing
level for both RCA and CR for base and subbase applications. In a similar study, different
mix compositions of 10–50% recycled glass (5 mm) and CR were produced for stiffness and
PD investigations [32]. The results showed that up to 30% recycled glass is regarded as
optimum to be added to CR, considering that stiffness and PD behavior showed sufficient
response just like natural aggregates. In addition, the authors mentioned that the degree of
breakdown of the blends was within the acceptable limit as required of pavement subbase
material. In another study, a recycled glass of 0–5 mm was mixed by volume with limestone
0–20 mm for stiffness and PD evaluation [33]. Different mixtures were prepared, but the
optimum mix for sufficient stiffness and PD behavior was 25% recycled glass and 75%
limestone. The authors observed that low traffic stress state corresponding to bulk stress of
82 and 276 kPa had a minor impact and all mixtures studied in these stress state performed
similarly. However, a decreasing stiffness trend was observed at high-stress levels [33]. A
study that evaluated the frictional strength properties of crushed glass, kaolin and fine
quarry blends showed that frictional properties of the soil increased with increased crushed
glass content, making the mix suitable for backfilling and embarkment applications [34].
Mixtures composed of glass gullet and caliche-weathered limestone showed that increasing
the amount of glass gullet makes the combinations suitable for subbase applications [35].

Given the reported studies and previous research on RA, the almost non-existent
research and knowledge of the stiffness and deformation behavior of REM and RPM mixes
under repeated loads limit the use of REM composed of occasional amount of weak rocks.
Unfortunately, this makes REM complete waste materials suffering the fate of landfill,
which is not suitable from an environmental point of view. In addition, skepticism by
end-users about the potentials of REM increases. Given that the stiffness and deformation
behavior of blended mixtures composed of recycled materials vary, it is essential to assess
the materials under consideration in the present study. Hence, the objective of the present
study is to evaluate the performance of REM and RPM mixes in RLTT tests to establish an
acceptable amount of phyllite or the content of weak rocks which may be present in REM.
Finally, the findings may promote the use of REM as road construction materials.

2. Materials and Methods

The materials used in the investigation were produced by Velde AS located in Sandnes
(Norway). Both REM and RPM were wet processed, i.e., scrubbing, washing, and screened
into various fractions by the wet processing recycling facility. The grain size of the fractions
used in the study is 4–16 mm as shown in Figure 1. RPM was blended by weight with REM,
thus the notation 0 RPM–100 REM refers to 0% RPM and 100% REM, 25 RPM–75 REM refers
to 25% RPM and 75% REM, 50 RPM–50 REM refers to 50% each, whereas 100 RPM–0 REM
refers to 100% RPM and 0% REM.

The main geological composition of REM is feldspathic rock, granite, and gneiss, with
an occasional presence of phyllites. REM shows predominant minerals of quartz, and
feldspar group of minerals, i.e., plagioclase and microcline/orthoclase. In addition, a low
amount of mica minerals of muscovite and biotite group and almost insignificant amount
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of clinochlore were found. The minerals present in RPM are feldspar (i.e., typical traces of
anorthite and microcline/orthoclase), quartz, chlorite (mainly clinochlore), and mica group
(i.e., biotite, muscovite).
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Figure 1. Grain size distribution curves for REM and RPM.

The physical and mechanical performance of REM and RPM is shown in Table 1 and
Figure 2, respectively. The Flakiness Index (FI) of the two materials was essentially different,
as expected, due to the layered shape of phyllite rocks. However, considering RA produced
from CDW, FI is reported in the region 8–30% [36]. The water absorption of REM and
RPM did not vary significantly, and both materials had the same particle density values.
Water absorption and particle density values obtained for RA were reported to be 4–6%
and 2.3–2.4 kg/cm3, respectively [36].

Table 1. Physical properties of REM and RPM given as the arithmetic mean ± 1 standard deviation,
n = 3.

Sample Name Flakiness Index (%)
EN 933-3

Water Absorption
(%) EN 1097-6

Particle Density
(g/mL) EN 1097-6

REM 12.6 ± 2.5 0.3 ± 0.2 2.5 ± 0.1
RPM 31.1 ± 1.3 0.6 ± 0.1 2.5 ± 0.1

The LA and MD are critical mechanical properties to assess the strength of aggregates
applied in road pavement. The LA determines the resistance to fragmentation, whereas
MD evaluates wear resistance. The LA values for REM and RPM were 28% and 26%,
respectively, whereas the MD was reported to be 6% and 26% [14]. The MD results varied
significantly between REM and RPM. Compared to the performance of materials for base
and subbase application defined by the Norwegian Public Roads Administration [37], the
LA values met the base course and subbase limit requirement at ≤35%. Regarding the MD,
only RPM exceeded the limit criteria of ≤15% for base and ≤20% for subbase. Hence, to
comply with MD, the maximum content of RPM was found to be around 40%, see Figure 2.

Regarding the sample preparation for RLTT, a bulk mass of 8.500 g was measured in
different quantities for pure REM and RPM based on the gradation specified in Figure 1.
In addition, 25% and 50% RPM blended batches were prepared. Fractions of REM and
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REM are shown in Figure 3a. Each bulk sample consisted of fractions obtained from
the predefined gradation groups of 16–11.2 mm, 11.2–8 mm, 8–4 mm, to represent an
effective distribution of particles. The distribution followed five individual groupings, (see
Figure 3b for distribution example of REM), and each part was carefully placed into the
mold and compacted. Milwaukee 2”SDS Max rotary hammer (hammer weight 12 kg, work
per blow 27 Nm, tamping time 25 s) was used to compact each layer in the steel mold
(see Figure 3c). The compacted specimen ready to be ejected from the mold is shown in
Figure 3d. This operation requires special attention to avoid losing any particle, as shown
in Figure 3e. Finally, the specimen is covered by two latex membrane and supported by
two endplates, four plastic rings and two hose clamps to avoid penetration of water, see
Figure 3f. Two Linear Variable Differential Transducers (LVDTs), are mounted to measure
axial deformation, and three LVDTs measure the radial deformation, see Figure 3g. The
complete test setup with the chamber filled with water is shown in Figure 3h, and Figure 3i
shows the computer for data collection.
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Figure 2. LA and MD performance of REM and mixed with RPM, adapted from [14].

The RLTT consists of a Multi-Stage Low-Stress Level (MS LSL) loading procedure on
the specimen, according to the European Standard EN 13286-7 [38]. The process involves
applying two stress paths, i.e., pressurized water acting in all directions and the hydraulic
jack acting vertically. Thus, the pressurized water exerts a constant confining stress (triaxial
stress, σt) at different stress levels. The hydraulic jack produces vertical dynamic stress
(deviatoric stress, σd) following a sinusoidal pattern and increases stepwise at each sequence
of σt. A minimum pressure value of 5 kPa produces contact between the hydraulic jack and
the specimen. The loading sequence follows five incremental stages of σt at 20, 45, 70, 100,
and 150 kPa, with six varying load steps (σd). At each load sequence, about 10,000 load
cycles of 10 Hz frequency result in a single load step (see Figure 4). In addition, Figure 4
indicates the loading sequence and load step in connection to the bulk stress θ (θ = σ1+ σ2+σ3
= σd + 3σt, where σ1, σ2, and σ3 are principal stresses-both deviatoric and triaxial stress).
When the permanent axial deformation reaches 0.5%, the deviatoric stress automatically
stops, and the operator is now able set the next load sequence.
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REM 

Figure 3. Repeated Load Triaxial Test set up. (a) Sample of REM and RPM; (b) Sample distribution
into five different parts following specific gradation; (c) Vibrator hammer for sample compaction;
(d) Fully compacted specimen in the steel mold; (e) Ejected specimen covered with first latex mem-
brane; (f) Mounting of second latex membrane, plastic rings, and hose clamps; (g) Specimen placed
in RLTT chamber with mounted two vertical and three horizontal linear variable differential trans-
ducers (LVDTs); (h) RLTT chamber filled with water and ready to begin test; (i) Computer setup for
data collection.



Materials 2022, 15, 621 7 of 15

Materials 2021, 14, x FOR PEER REVIEW 7 of 16 
 

 

sequence of 𝜎 . A minimum pressure value of 5 kPa produces contact between the hydraulic 
jack and the specimen. The loading sequence follows five incremental stages of 𝜎  at 20, 45, 
70, 100, and 150 kPa, with six varying load steps (𝜎 ). At each load sequence, about 10,000 
load cycles of 10 Hz frequency result in a single load step (see Figure 4). In addition, Figure 
4 indicates the loading sequence and load step in connection to the bulk stress 𝜃(𝜃 = 𝜎  + 𝜎  +𝜎  = 𝜎  + 3𝜎 , where 𝜎 , 𝜎 , and 𝜎  are principal stresses-both deviatoric and triaxial 
stress). When the permanent axial deformation reaches 0.5%, the deviatoric stress automat-
ically stops, and the operator is now able set the next load sequence. 

 
Figure 4. Loading sequence and load steps in a Multi-Stage Low-Stress level State (MS LSL), adapted 
from [39]. 

3. Results and Discussion 
The following section discusses the resilient modulus and permanent deformation 

results obtained from the RLTT tests. 

Resilient Modulus (MR) of REM and RPM. 
The resilient modulus MR is the stiffness of materials and is given as the ratio between 

the change in deviatoric stress (∆𝜎 ) and the change in resilient or recoverable strain (∆𝜀 , 𝑀   =  ∆𝜎∆𝜀  (1)

Hence, MR is related to the stress state and it is an important parameter for pavement 
design. Several nonlinear models describe the relationship between MR and 𝜃. The most 
common formulation is the Hicks and Monismith’s model [40], expressed in its dimen-
sionless form: 𝑀   = 𝑘  𝜎 𝜃𝜎  (2)

where k1 and k2 are regression model parameters generated from the test results, 𝜎  is a 
reference pressure taken to be the same as atmospheric pressure (100 kPa), and 𝜃 is the 
bulk stress. The model expresses the performance of the materials in a two-dimensional 
state. In the present study, the MR was calculated by this approach, and the result is pre-
sented in Figure 5. Uzan’s model, which describes MR as a function of 𝜃 and 𝜎 presents 

Figure 4. Loading sequence and load steps in a Multi-Stage Low-Stress level State (MS LSL), adapted
from [39].

3. Results and Discussion

The following section discusses the resilient modulus and permanent deformation
results obtained from the RLTT tests.

Resilient Modulus (MR) of REM and RPM

The resilient modulus MR is the stiffness of materials and is given as the ratio between
the change in deviatoric stress (∆σd) and the change in resilient or recoverable strain (∆εr),

MR =
∆σd
∆εr

(1)

Hence, MR is related to the stress state and it is an important parameter for pave-
ment design. Several nonlinear models describe the relationship between MR and θ. The
most common formulation is the Hicks and Monismith’s model [40], expressed in its
dimensionless form:

MR = k1 σa

(
θ

σa

)k2

(2)

where k1 and k2 are regression model parameters generated from the test results, σa is a
reference pressure taken to be the same as atmospheric pressure (100 kPa), and θ is the
bulk stress. The model expresses the performance of the materials in a two-dimensional
state. In the present study, the MR was calculated by this approach, and the result is
presented in Figure 5. Uzan’s model, which describes MR as a function of θ and σ presents
a three-dimensional plot [41] and, therefore, it is another valuable approach to compare the
behavior of materials. The three parameters indicated in Uzan’s model are (MR, θ, σd) and
the model is expressed by:

MR = k1 σa

(
θ

σa

)k2
(

σd
σa

)k3

(3)

where k1, k2, k3 are regression parameters.
As already mentioned above, moisture content represent one of the sensitive factors

that affect the stiffness and PD behavior of UGM. Some studies have shown that moisture
content significantly influenced the performance of RA at high-stress levels [28,30]. In
addition, it is demonstrated regarding phyllite materials that they are sensitive to moisture
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variations, and as a result, less cohesion and rapid development of plasticity may occur [42].
Given this, our test was performed on dry batches of REM and RPM.
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The stiffness performance of unblended and blended mixtures of REM and RPM
at different θ is shown in Figure 5. Slightly high stiffness of 330 MPa was observed at
the baseline 100 RPM compared with 260 MPa for 100 REM, at θ of 100 kPa. Foliated
rocks of metamorphic origin composed of fine-grained felsic, and a significant amount
of mica showed less stiffness of approximately 200 MPa at the same θ of 100 kPa [17].
Nevertheless, increased stiffness of 100 REM occurs at θ starting from 200 kPa, and the
performance assumed better cohesion and frictional properties as the stiffness behaved
almost linearly. This observation may be due to a considerable increase of MR properties as
the confinement pressure and consolidation increased. A possible explanation for slightly
high MR for 100 RPM at low bulk stress may be due to the slow packing density and particle
re-orientation at the initial stage of the compaction process. In addition, the high surface
area between the particles may have contributed to the initial performance since RPM is
characterized by high FI. The stiffness response of both materials in a pure state indicates
the vital role of material properties on performance.

For the blended mixtures, the stiffness decreased with an increased RPM content.
25 RPM–75 REM blends showed a performance pattern similar to 100 REM, whereas
50 RPM–50 REM performed similarly to 100 RPM. At a high-stress state, blended and
unblended mixture 25 RPM–75 REM and 100 REM respectively provide higher stiffness
performance. A similar conclusion was reached regarding the quantity of weak material in
a mix for sufficient stiffness performance in the study [28]. In their study, the effect of CB in
mixtures 25 CB–75 RCA and 25 CB–75 CR was consistent, except that the cemented part of
RCA could potentially lead to significant permanent strain due to residual cement action.
However, the authors mentioned that it is unlikely that such changes would significantly
affect pavement performance over time. The LA values obtained in that study were 21%,
28%, and 36% for CR, RCA, and CB, respectively [28].

In other studies, effective stiffness response of RAP and RCA blends was achieved
at 15 RAP–85 RCA combinations [29], and the LA of both materials in the pure state was
reported as 42% and 28%, respectively. The LA for the mixture was 38% [29]. A comparative
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study of deformation and stiffness behavior of two RCA and virgin quartzite rocks showed
that the stiffness of RCA increased within the region of 490–1020 MPa, whereas quartzite
performed within the region 480–685 MPa [43]. According to the authors, both materials’
performance complied with the Australian requirement of 300 MPa, and the reported LA
was 39% and 37% for both RCA and 25% for quartzite [43]. As found in the present study,
the stiffness behavior of REM and RPM follows a similar pattern of mafic igneous rocks
and metamorphic rocks classified as strong and weak rocks, respectively [17]. The authors
mentioned that metamorphic rocks consisted of fine-grained felsic and micaceous texture,
and the LA values reported were 17% and 30% for mafic igneous and metamorphic rocks,
respectively. In the Netherlands, the stiffness values for natural aggregates, RMA, MRA
and RCA are reported to be 100–400 MPa, 150–250 MPa, 400–600 MPa, and 600–800 MPa,
respectively [44].

Given the baseline performance reported in the studies above, it is sufficient to men-
tion that both REM and RPM showed optimal stiffness responses despite the significant
performance variation between the two, which is certainly due to the inherent properties of
the materials.

It is crucial to emphasize the effect of shape particle and FI regarding the performance
of RPM. Although this was not experimentally demonstrated in this study, several re-
searchers have investigated the effect of shape on the stiffness and deformation properties
of unbound materials. As already shown in Table 1, a significant variation of FI perfor-
mance was found between REM and RPM. Both materials meet the FI requirement reported
as ≤35% by the Norwegian Public Roads Administration [37]. A study of gneiss rocks with
different textural and shape properties (flaky, flaky rounded, cubic, and cubic rounded)
was performed [45], and the results showed that for the same θ of 200 kPa, cubic and cubic
rounded particles had the highest stiffness performance in the region of 300–400 MPa,
whereas that of flaky particles was <300 MPa. It was observed in the same study that as the
θ increased to 1000 kPa, a marginal drop of stiffness in the cubic particles was observed;
nevertheless, the study concluded that cubic particles showed highest stiffness response.
Additionally, for recycled aggregates, some authors have established strong relationships
between FI and stiffness and deformation properties [46,47]. Hence, it is necessary to study
the effect of other physical properties and, in this case, FI to understand the behavior
altogether.

Uzan’s model presents a three-dimensional view plot of the relationship between MR
θ and σd as discussed above. The model was applied to the RLTT data, and the regression
parameters used in both Hicks and Monismith’s and Uzan’s models are shown in Table 2.

Table 2. Regression parameters of Hicks and Monismith’s and Uzan’s models.

Sample
Hicks and Monismith Uzan

k1 k2 k1 k2 k3

0 RPM–100 REM 2363 0.59 779 1.66 −0.94
25 RPM–75 REM 1881 0.77 575 1.88 −1.01
50 RPM–50 REM 2597 0.44 1026 1.30 −0.76
100 RPM–0 REM 4122 0.29 1306 1.46 −1.11

Regarding Uzan’s model, the results showed similar performance of MR for the
materials in pure and mixed conditions, see Figure 6.

Permanent Deformation Behavior of REM and RPM

In this study, the Coulomb approach was adopted to investigate the PD of the materials.
The Coulomb approach, which derives from the shakedown approach characterizes the
mobilized friction angle ρ(◦) and incremental friction angle ϕ(◦), which describes the
degree of mobilized and maximum shear strength, respectively [48] as shown in Figure 7.
These two angles illustrate the behavior of materials according to three ranges, i.e., elastic,
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elasto-plastic, and failure, see Figure 7. Table 3 shows the permanent strain rate for each
performance range.
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cycles [48], which is described as a measure of the speed to PD [45]. Regarding the elastic
limit and failure limit, they are respectively defined by the following equations.

σd=
2 sin ρ (σ3 + a)

1 − sin ρ
(4)

σd=
2 sin ϕ (σ3 + a)

1 − sin ϕ
(5)

where a is the apparent attraction considered equal to 20 kPa [45].
The mobilized friction angle ρ(◦) and incremental friction angle ϕ(◦) of REM and RPM

in unblended and blended mixtures resulting from the loading sequence are shown in
Figure 8, and Table 4 illustrates the limit values obtained for ρ(◦) and ϕ(◦), respectively.
To present a typical raw data trend, Figure 9 shows the pattern of accumulated axial
permanent deformation (PDaxial) for each of the five loading sequences (LS) in each tested
mix percentage. There is no variation in the degree of mobilized angle for the samples
as the values are the same. Regarding the incremental friction angle ϕ(◦), 50% RPM–50%
REM batch had the lowest value. Overall, the samples tested in this study offered a similar
response when the resistance to PD was determined. Unlike stiffness, blended mixtures
assessed for PD behavior did not show sensitivity to increased RPM content. Comparing
the performance to crushed rocks in the studies [17,39,49], the values of mobilized friction
angle ρ(◦) obtained in this study is small; nevertheless, the incremental friction angle ϕ(◦)
is similar to the results obtained in the studies mentioned above. Such changes could
be the differences in material properties, as emphasized by [49] that differences in the
grading envelope reflected the discrepancies in the PD behavior. A basic friction angle for
unweathered rock surfaces falls between 25◦ and 35◦ [50]. Regarding RA, it was found that
the friction angle was small in the blends of 25 CB–75 RCA and 25 CB–75 CR [28].
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Table 4. Mobilized angle of friction ρ(◦) and incremental angle to failure ϕ(◦) for REM and RPM in
pure and blended state.

Sample
Limit Angles

ρ(◦) ϕ(◦)

0 RPM–100 REM 30.4 69.7
25 RPM–75 REM 30.4 68.5
50 RPM–50 REM 30.4 66.4
100 RPM–0 REM 30.4 71.4
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The PD of the materials gave a true reflection of the performance concerning degrada-
tion behavior in the LA tests. There is a strong relationship between PD, fine particles, and
high fouling index [51]. In other words, rocks susceptible to fragmentation or crushing may
develop a significant number of fine particles over time, resulting in excessive PD. Similarly,
a conclusion was reached that angularity and surface texture positively influenced the
elastic and plastic shakedown thresholds for cubic aggregates [45]. Based on these findings,
it is possible to infer that the PD performance of both REM and RPM are satisfactory.
Therefore, the use of REM with some amount of RPM should not be considered detrimental
to overall performance.

4. Conclusions

This work investigated the resilient modulus (MR) and permanent deformation (PD)
behavior of Recycled Excavation Materials (REM) blended with Recycled Phyllite Materials
(RPM) by Repeated Load Triaxial Test (RLTT). RPM was systematically incorporated into
REM at 0%, 25%, 50%, and 100% to document the maximum substitution ratio without
compromising the performance. Hicks and Monismith’s model and Uzan’s model assessed
the stiffness, while the Coulomb model was used to evaluatethe PD.
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The investigation findings showed that the stiffness behavior of REM and RPM in a
pure state varied considerably, with 0% RPM–100% REM exhibiting high stiffness strength.
Regarding blended mixtures, 25% RPM–75% REM achieved almost the same strength
characteristics as REM in a pure state, whereas 50% RPM–50% REM performed similarly
to RPM. The behavior of the materials in this regard showed sensitivity to the increased
content of RPM.

The PD response of both materials did not show significant differences as the degree
of mobilized friction angle ρ(◦) for the samples was the same. Regarding the incremental
friction angle ϕ(◦), 50% RPM–50% REM had the lowest value; however, no sensitivity to
increased RPM content in the PD was shown. The study’s findings may be helpful to
end-users regarding the maximum quantity of RPM in REM considering the application of
REM in unbound construction.

Given the influence of physical properties, as demonstrated in other studies on the
stiffness and deformation characteristics of unbound materials, the authors recommend
that future research should focus on the effect of material properties such as the shape and
flakiness index of unblended and blended REM and RPM mixtures.
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Abbreviations

CB Crushed Brick
CDW Construction and Demolition Waste
CDRA Construction and Demolition Waste Recycled Aggregates
CR Crushed Rock
FI Flakiness Index
LA Los Angeles Test
LSL Low-Stress Level
LVDT Linear Variable Differential Transducers
MD Micro-Deval Test
MS Multi-Stage
MRA Mixed Recycled Aggregates
MR Resilient Modulus
PD Permanent Deformation
PDaxial Axial Permanent Deformation
RA Recycled Aggregates
RAP Recycled Asphalt Pavement
RCA Recycled Concrete Aggregates
REM Recycled Excavation Materials
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RLTT Repeated Load Triaxial Test
RMA Recycled Masonry Aggregates
RPM Recycled Phyllite Material
UGM Unbound Granular Material
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A B S T R A C T   

This study presents a Re-Con Zero dry washing technology used to produce recycled aggregates 
from concrete sludge (RCZ) and combined as a feedstock in wet recycling excavation materials 
(EM) for unbound applications. A two-component admixture i.e, high water absorbing polymer 
and aluminum sulphate was used in producing RCZ. RCZ0, RCZ50 and RCZ100 were produced 
with EM within the range 0–100%. Analysis by the Los Angeles (LA) and micro-Deval (MD) test 
demonstrated RCZ to be of high-quality, hence a clear trend of improved performance as the 
content increased was observed in the LA and MD values. X-ray diffraction analysis performed on 
original and pulverized residues (<1.6 mm) showed that feldspar, quartz, phyllosilicates (mica 
and chlorite) and minor amounts of pyroxene (diopside) were present together with paste min-
erals such as portlandite and residual clinker, and calcite. Acid solubility results demonstrated the 
relation to increased paste content as particle size reduced. This observation was more prevalent 
in < 1.6 mm RCZ fraction which further indicated the significant amount of remained paste after 
wet treatment. Low levels of the content of chemical species of potential concern were in general 
found and were mostly complying to Norwegian regulations. Total Cr exceeded the criteria of 
100 mg/kg, but the leachable Cr(VI) was not detected which showed that remaining Cr after 
recycling process was present mostly on the trivalent form. This indicated low leaching of Cr upon 
carbonation and a decrease in pH.   

1. Introduction 

Construction and demolition waste (C&DW) is one of the largest solid waste stream on a global scale [1,2]. The composition of 
C&DW varies from country to country due to economic structure, environmental and construction policies [1], and about 70–80% of 
total waste is composed of concrete and bricks [3]. Today, recycling C&DW waste into recycled aggregates is a common practice as it 
reduces the exploit of aggregate reservoir and environmental pollution [4,5]. Currently, there is a wide range of technological methods 
which can be applied to process recycled aggregates from C&DW. Many demonstrations have been conducted for the past 15–20 years 
[6,7], and many significant developments in applying final products have been achieved. For example, considering their application in 
fresh concrete, some authors have reported stabilized mechanical and durability performance [8,9]. 
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In order to further increase circular economy, the Norwegian concrete industry is developing solutions to recycle aggregates 
derived from returned concrete sludge (RCSA). By definition, concrete sludge or returned concrete is residual concrete which remains 
in the mixing truck and by nature appears in fresh condition with a significant amount of cement mortar [10,11]. Globally, it is 
estimated that over 125 million tons of these wastes are produced annually depending on quality control during production and use in 
construction [12]. Currently in Norway, returned concrete are discharged and treated in sedimentation basins, temporarily stored, and 
finally disposed in a landfill. While one recoverable product is generally known to be RCSA [13], a summary of management strategies 
to process the waste has been outlined as (a) Recycling in new downgraded products by a process of delivering fresh concrete for 
pre-cast concrete products or use in backfilling. (b) Reuse in new batches of concrete mixture with or without chemical admixtures or 
additives. (c) Recycling after hardening of fresh concrete waste by crushing into recycled concrete aggregates (RCA). (d) Reclaiming by 
a wash-out process using mechanical aggregate reclaiming system to reclaim aggregates and grey water [13]. The outlined man-
agement strategies for treatment vary in different countries and are also linked to economic and environmental and logistics issues 
[13–15]. 

New emphasis on turning returned concrete into aggregates has been the use of non-toxic additives. For example, one study 
converted returned concrete into RCSA by using a polymer with high water binding capacity (dosage of 0.4–0.8 m3 of concrete) and 
thereafter aluminum sulphate to further enhance the water binding process by ettringite formation. The RCSA was produced in the 
mixer of a concrete truck with the objective of dry washing the drum. The performance in concrete by 30% replacement to natural 
aggregates was good, i.e., no significant difference between RCSA concrete and reference concrete regarding water permeable ca-
pacity, compressive strength development, water absorption, frost resistance and chloride penetration [11]. The authors, however, 
mentioned that the interface transition zone of concrete produced with RCSA improved and this contributed to the resistance to water 
penetration. Similar procedure of applying dry washing technology with high water absorbing polymers has gained interest in Norway 
and a study demonstrated the Los Angeles strength of RCSA to be 25% by applying this type of polymer [16]. 

Some studies have also demonstrated the possibility to cease cement hydration of RCSA and to prolong its fresh state using sta-
bilizing additives and activators to allow for reuse in new concrete [17–19]. In other studies, RCSA have been produced by con-
ventional curing and separation of aggregates from waste source. These studies replaced RCSA with natural aggregates in a new 
concrete at various levels and only a slight decrease in durability properties and almost same strength development was found [20,21]. 
However, reduced strength development has been reported for concrete with 25–100% RCSA [22,23]. So far, the performance of 
concrete seems to be dependent on the replacement level of natural aggregates with RCSA and the initial quality. This means that 
careful control of the substitution level and curing of the sludge are essential to achieve desired properties. Furthermore, the same 
precautions applying to the use of recycled materials (from regular concrete waste) need to be taken for RCSA. While recycled ag-
gregates from concrete waste is also known for unbound construction, the use of RCSA for the same purpose is not widely considered. A 
few studies have reported their behavior for similar applications. For example, a study that investigated the use of fine RCSA which was 
incorporated into mortar for soil stabilization reported increased bearing capacity of the mix [20]. In Norway, a large pilot demon-
strated the use of RCSA in road base layer as one of the first of its kind [24]. 

Failing to demonstrate the extended use of these materials in unbound construction may limit the opportunity to achieve current 
sustainable targets for the concrete industry. Hence, in the present study a new method for producing recycled aggregates by recycling 
a mix of concrete sludge and excavation materials was demonstrated. The recycled concrete sludge used in the study has been 
developed by a two-component admixture Re-Con Zero Evo (high water absorbing polymer and aluminum sulphate). The objective 
was to use Re-Con Zero dry washing technology to produce recycled aggregates from concrete sludge (RCZ) [25] in combination with 
wet recycling of excavation materials. To the authors best knowledge, this combined approach has not been reported before, including 
a technical assessment of the recycled materials separately and in mixed conditions. The present study is part of the RECONC project 
(www.reconc.no) with the objective of developing RCZ with a lower CO2 footprint and reduced heavy metal leaching. 

2. Materials and methods 

2.1. Preparation of RCZ 

RCZ was produced using a dry wash method for cleaning returned concrete from concrete mixer trucks [25]. In this method, 
aggregates were fed into concrete mixer trucks containing the sludge and rotated a number of times until the sludge appeared to adhere 
onto the aggregates. They were later poured from the barrel of the truck. The process was repeated in another scenario with other 
concrete trucks. This method has the advantage of reducing the volume of water used while cleaning the concrete mixer truck and 
subsequently reducing the pH of the water. In addition, the process reduces the amount of sludge in the sedimentation basins on the 
concrete batching plants. By adopting this procedure, granular RCZ was produced. Specifically, 4000–6000 L 4/8 aggregates were fed 
into a hopper and 2000 L of the aggregates was transferred into a concrete truck containing 500 L of return concrete. The drum of the 
concrete mixer truck was rotated for 3–5 min before the contents were emptied into a storage bin. The entire process took around 15 
min. The dry washing aggregates were stored for 8–12 h before larger agglomerates were crushed with a front loader. Following this 
the aggregates were moved into a separate storage bin and used for feeding the hopper to enter the next dry washing cycle. The dry 
washing aggregates were used in subsequent cycles until the surface of the aggregate appeared like a sludge surface and saturated. The 
feedstock derived from this approach was processed at Ølen Betong and sampled at two different places. The first sampling denoted as 
(RCZ-F0) took place at Ølen Betong. The feedstock was transported and stockpiled outside the concrete recycling facility at Velde 
where the second sample of the feedstock (RCZ-F) was collected. The rest of the materials were converted into recycled aggregates (see 
Section 2.2). 
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2.2. Production of recycled aggregates 

The (CDE, Northern Ireland) recycling plant installed at Sandnes (Norway) was used to recycle and produce the RCZ and excavation 
materials. It has an operation capacity of processing 350 tons per hour of excavation materials or C&DW. The materials are produced in 
different fractions 0/2 mm, 2/4 mm, 4/16 mm, 16/32 mm, 20/100 mm, including a residual fraction of ˂ 63 µm. The primary scalping 
unit with a grizzly feeder of 100 mm opening grid, receives the feedstock, screens, and separates the large materials or boulders. Hence, 
masses < 100 mm are transported to the log-washer where they are intensely washed and scrubbed. During this process, the in-built 
over band magnet traps ferrous metals and any lightweight floating material is dewatered and separated through another chamber. 
The materials are further dewatered and separated into different fractions before passing through secondary magnetic separation. 
Final processed fractions appear in sizes described above. One benefit of this technology is that more than 90% of processed water is 
recycled and pumped back into the system for reuse. The processing of 15 tons of waste excavation materials and 15 tons of RCZ was 
conducted in a full-scale trial at the Velde facility where the final recycled aggregates were sampled directly from the conveyer belts as 
shown in Fig. 1. The plant was operated without feeding for 10 min before and in between feeding the target materials to avoid cross 
contamination. 

The mixing volumes in the feeding and the samples (final recycled aggregates) collected from the end of conveyor belt are shown in  
Table 1. Samples denoted RCZ0, RCZ50 and RCZ100 have been produced with 0–100% of excavation materials. The feeding was 
conducted by a front loader by equal load distribution. Three samples were also collected from the feedstock piles RCZ-F0, and RCZ-F. 
For processed materials, six samples were collected from the 4/16 mm conveyer belt. The materials investigated in the study are shown 
in Fig. 2. 

2.3. Physical and mechanical tests 

The laboratory experiments comprised of physical, mechanical, and chemical tests. Tests for physical properties were particle-size 
distribution (NS-EN 933–1), particle density, and water absorption (NS-EN 1097–6). Both particle density and water absorption (WA) 
were performed on fractions passing through 31 mm sieves but retained on 4 mm. The mechanical tests comprised of LA (NS-EN 
1097–2) and MD tests (NS-EN 1097–1). Regarding the LA, a test mass of 5000 ± 5 g of particle size 10/14 mm was derived from the 
laboratory sample, and a total of eleven steel balls were gently added to the mass in the test drum. A test cycle completes at 500 
revolutions, i.e., 15 min, and after the test, the aggregates were washed and sieved on a 1.6 mm sieve and dried. The mass loss (%) was 
then determined. For MD, a test mass of 500 g of size 10/14 was derived. Spherical balls amounting to 5000 g were gently added to the 
test mass plus 2.5 ± 0.5 L of water in the cylindrical steel drum. One complete test cycle took about 2 h, and after the test, the ag-
gregates were washed and sieved on a 1.6 mm sieve and dried. The average mass loss (%) of two test specimens were measured and 
calculated as the MD coefficient. These experiments were conducted at the laboratory of University of Agder (UiA) and the laboratory 
of the recycling site in Sandnes by Velde. 

2.4. Chemical and mineralogical analysis 

Determination of Al, As, Ca, Cd, Cr, Cu, Fe, K, Na, Ni, Mg, Mn, P, Pb, Si, Ti and Zn in the solid samples was conducted by inductively 

Fig. 1. Production and sampling of recycled materials during full-scale pilot: (a) washing and sieving process (b) conveyor belt with recycled 
materials (c) direct sampling. 
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coupled plasma mass spectrometry (ICP-MS) according to ISO 17294–2 and EPA method 200.8. Analysis of Hg was done by Atomic 
Fluorescence Spectrometry (AFS) and Cr(VI) was analysed by ion chromatography with spectrophotometric detection according to ISO 
15192:2010. 

Acid solubility test was performed following the procedures described in NT Build 437. The acid solubility test comprised of 
samples milled and reduced to a test portion size. The test was performed on samples before and after the LA test. Fractions bearing the 
sample name RCZ-F0, RCZ-F, RCZ0, RCZ50, and RCZ100 were analyzed before LA. They were dried over night at 105 ◦C before they 
were pulverized in a disk mill (Siebtechnik, Labor-Scheibenswingmühle T.250). Fractions composed of RCZ0LA, RCZ50LA and 
RCZ100LA were received from < 1.6 mm after LA and therefore did not need further size reduction before drying. 4.0 ± 0.1 g of the 
sample were weighed (Mettler AE 260 Delta Range) directly in a beaker, the weight of the beaker had been determined with an ac-
curacy of 1 * 10–3 g in advance. After this the samples were dried for 2 h at 105 ◦C before the weight was determined with an accuracy 
of 1 * 10–3 g. A large magnet was put into the glass before the addition of 3 mL absolute ethanol by use of pipette. Then 150 mL Type I 
water was added. The mix was then stirred by use of a magnet stirrer while 10 mL of HNO3 was carefully added to the mixture using a 
pipette. The stirring continued for 10 min after the addition of HNO3. After the samples had settled for at least two hours or overnight, 
the samples were filtrated using a water suction apparatus and Ø 55 mm Whatman filter paper. Sand and fine particles that were not 
dissolved were transferred back to the beaker which were dried over night at 105 ◦C. Samples and beakers were then weighed again. 

X-ray powder diffraction analysis was performed using a Bruker D8 Focus X-ray diffractometer in Bragg–Brentano geometry (θ/2θ) 
for the materials before and after removal of paste content by the wet technology. The samples were prepared by the back-loading 

Table 1 
Samples collected with the mix ratio given in volume (%).  

Sample Wet processing RCZ EM 

RCZ-F0 No - - 
RCZ-F No - - 
RCZ0 Yes 0 100 
RCZ50 Yes 50 50 
RCZ100 Yes 100 0  

Fig. 2. Materials used in the study: (a) RCZ-F0; Feedstock from raw feed pile, (b) RCZ-F; Feedstock stockpiled in open environment, (c) RCZ0; wet- 
processed (recycled) excavation materials, (d) RCZ50; 50% blends of wet processed (RCZ). (e) RCZ100; wet-processed (recycled) concrete sludge. 
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technique to minimize potential mineral orientation effects. Samples were scanned from 5 to 60 º2θ with Cu-Kα radiation, a step size of 
0.2 º2θ and 0.8 s time per step. The diffractograms were qualitatively analyzed with EVA V4.3. Quantitative analysis was done by 
Rietveld refinement and profile fitting using TOPAS V.6, the ICDD PDF4 + and COD mineral structure databases. The Chebychev 
background model and sample displacement were refined. For the mineral structures, lattice parameters and scale were refined. 
Crystallite sizes were refined within reasonable limits. For mica, preferred orientation in (002) direction was additionally refined. In 
order to describe and quantify the mineral phases present in the materials, pulverized fragments obtained from < 1.6 mm sieve after 
LA was analyzed and compared with original samples. Hence, the minerals phases which shows the mineralogy of samples investigated 
is shown in Table 6. The results are normalized to 100% crystalline content. Uncertainty of the Rietveld results can be expected due to 
certain small amounts of non-carbonated X-ray amorphous C-S-H phases in the residual cement paste. However, the expected overall 
error of the quantitative analysis was expected to be in a similar range as the amount of potential X-ray amorphous hydration phases 
itself. 

3. Results and discussion 

3.1. Physical properties 

The particle-size distribution (PSD) of the materials investigated in this study is shown in Fig. 3. There was no significant difference 
between the PSD determined at UiA and Velde. However, the PSD of feedstock RCZ-F0 and RCZ-F as determined at UiA varied. The 
cause of changes in the gradation of RCZ-F may be due to the effect of rainfall action and the storage time outside the recycling facility 
before sampled to UiA. In the case of Velde, RCZ-F0 was not determined. The PSD of RCZ0, RCZ50 and RCZ100 was consistent with the 
4/16 mm production line of the facility. Although RCZ100 was obtained from the same concrete sludge source, significant differences 
in textural characteristics resulting from efficient removal of poorly cured cement paste by intense washing and scrubbing unit of the 
recycling facility was observed (see Fig. 3). 

The density and WA values as reported in Table 2 were obtained from the tests performed at UiA and Velde. In general, these 
parameters are influenced by the porous structure of mineral aggregates, hence they demonstrate the amount of water that can be 
absorbed. They are vital material properties required for road pavement and concrete production. The density results obtained from 
both test centers showed a similar trend. Reported values between the feedstock and recycled aggregates RCZ50 and RCZ100 did not 
significantly vary although poorly cured cement paste were removed from recycled aggregates during treatment. Nevertheless, it was 
observed that the density increased as RCZ content increased. Regarding RCZ0, Adomako et al., (2022) reported similar values in a 
study that investigated the mechanical performance of recycled aggregates derived from EM. Other studies have also reported the 
density for recycled aggregates obtained from ready mixed concrete waste within the range 1.65–2.72% [11,16,20,26]. It can also be 
mentioned that Norwegian rocks typically have a density within the range of 2.65–3.10 g/mL [16]. The values obtained for density 
clearly show that RCZ have similar density characteristics compared to other recycled and natural aggregates. 

Unlike the density, significant differences were observed for WA, especially for the feedstocks. This observation may be due to 
differences in storage time at the recycling facility- Velde and UiA. Hence, the feedstock tested at UiA demonstrated high WA values. In 
this case, it may be suggested given the ambient storage conditions that the hardened and or dried nature of cement paste increased the 
pore structure [27]. Evidence of dry cement paste can be seen in Fig. 2. Regarding the feedstock at Velde, the low WA value may be 
related to the densification and refinement of microstructure of cement composites given its exposure to open environment and 
resulting carbonation [28]. It is well accepted in literature that carbonation treatment improves the WA of recycled aggregates from 
concrete waste [29]. The WA values for recycled aggregates at UiA were slightly higher than Velde. Generally, the WA of recycled 
aggregates from concrete waste are known to be high and this has a negative impact on overall performance. Low WA values recorded 
for processed materials indicate the effectiveness of the recycling technology on removal of loose components e.g., uncured cement 
paste. 

For RCZ0, the WA obtained is higher than 0.3% reported for similar material in the study [30]. Studies that have investigated the 
performance of RCSA reported WA values within the margin 4–13% [20,22]. Given the variation of WA in RCSA, it is important to 
consider factors such as substitution level and water- cement ratio if used in concrete. [16,23]. Overall, the results demonstrated that 
RCZ have better quality performance. 

Table 2 
Particle density and water absorption values of investigated materials.  

Sample Particle density (g/mL) Water absorption (%) 

UiA Velde UiA Velde 

RCZ-F0  2.68 2.64  7.62 3.10 
RCZ-F  2.63 n.d.a  6.68 n.d.a 

RCZ0  2.58 2.59  2.78 1.95 
RCZ50  2.62 2.62  2.58 1.86 
RCZ100  2.68 2.66  2.05 1.63  

a Not determined 
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3.2. The Los Angeles and micro-Deval performance 

The Los Angeles (LA) and micro-Deval (MD) test investigate the resistance to fragmentation and wear, respectively and are two 
most common tests used to analyze the performance of aggregates for concrete and in unbound applications. The results obtained for 
LA and MD are shown in Table 3. First, marginal differences in the performance can be seen in the results obtained from the two test 
sources. Considering the feedstock materials, the values obtained at UiA is slightly higher than Velde. It was observed in this case that 
the paste adhering to the surfaces of samples tested at UiA had severely disintegrated and this reflected in the sieving process as large 

Table 3 
LA and MD performance of the materials.  

Sample UiA Velde 

LA MD LA MD 

RCZ-F0  25  20 22 15 
RCZ-F  23  18 n.d.a n.d.a 

RCZ0  24  12 26 10 
RCZ50  22  10 24 11 
RCZ100  18  11 20 11  

a Not determined 

Table 4 
Acid soluble contents (wt%) in the samples with various particle size given as arithmetic mean ± 1 standard deviation, (n = 3) and (n = 4, 
LA).  

Sample Acid soluble part, % Standard deviation,% RSD, % 

RCZ-F0  13.29  0.19  1.41 
RCZ-F  13.80  0.05  0.35 
RCZ0  4.58  0.18  3.96 
RCZ50  8.27  0.41  4.96 
RCZ100  7.14  0.07  0.93 
RCZ0LA  9.46  0.28  3.00 
RCZ50LA  12.04  0.28  2.34 
RCZ100LA  18.53  0.68  3.66  

Table 5 
Major oxide composition in the samples expressed in wt%.  

Element RCZ-AF0 RCZ-AF RCZ 0 RCZ 50 RCZ 100 RCZ 0LA RCZ 50LA RCZ 100LA 

Al2O3  14.4  13.3  14.6  14.4  14.3  13.0  12.8  12.6 
CaO  6.0  5.9  2.3  4.0  3.0  4.6  5.9  8.9 
Fe2O3  4.6  4.8  2.9  4.3  4.9  2.3  2.8  3.2 
K2O  3.4  3.4  3.9  3.3  3.3  3.8  3.6  3.6 
MgO  1.0  1.0  0.6  0.9  1.0  0.6  0.7  0.9 
MnO2  0.1  0.1  0.0  0.1  0.1  0.0  0.1  0.0 
Na2O  2.9  2.8  3.8  3.2  3.2  2.7  2.6  2.5 
P2O5  0.3  0.3  0.1  0.2  0.3  0.1  0.1  0.2 
SiO2  70.8  64.8  74.5  70.8  68.2  74.6  71.2  65.8 
SO3  0.3  0.3  0.1  0.2  0.2  0.2  0.3  0.5 
TiO2  0.6  0.7  0.3  0.6  0.7  0.2  0.3  0.4 
LOI- 1000⁰ C  3.3  3.5  1.3  1.8  1.2  2.6  3.4  5.1  

Table 6 
Mineral phase contents (%) in the samples investigated in the study.  

Mineral RCZ-AF0 RCZ-AF RCZ 0 RCZ 50 RCZ 100 RCZ 0LA RCZ 50LA RCZ 100LA 

Quartz 28.2 35.6 31.6 31.6 30.2 31.3 32.4 31.7 
Feldspar 52.9 43.3 53.8 52.8 41.6 50.8 46.7 52.5 
Calcite 4.8 5.1 1.6 1.4 10.9 2.4 3.9 1.9 
Portlandite 0.5 0.3 0.0 0.1 1.7 0.4 1.2 0.4 
Chlorite 0.4 0.5 2.2 1.6 0.9 3.3 3.3 0.4 
Mica 8.4 6.5 5.9 5.9 6.3 6.3 5.2 8.6 
Diopside 1.6 5.1 3.8 3.4 2.7 4.3 2.5 1.4 
Clinker 3.2 3.6 1.1 3.2 5.7 1.2 4.8 3.1 
Total ~100 ~100 ~100 ~100 ~100 ~100 ~100 ~100  
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amount of < 1.6 mm fractions contained such content. This resulted in increased mass loss when the LA coefficient was measured. This 
observation changed regarding processed materials as the values obtained at Velde were slightly higher. Overall, a clear trend in 
improved performance can be seen with increased RCZ. This was expected given that RCZ was composed of a significant amount of 
natural aggregates derived from concrete sludge. Secondly, this trend indicates that the developed admixture under proper curing 
conditions stabilizes the performance of recycled aggregates. 

Regarding the LA for RCZ0, other studies have reported stabilized results for excavation materials within the range of 24–28% [30, 
31]. The LA for RCZ50 also show the optimal intermix of recycled aggregates RCZ and excavation materials. The positive effect of RCZ 
intermix can be explained by removal of weak paste (poorly cured). However, the results from acid solubility still revealed that 
RCZ100 contained a significant cement paste after wet treatment (see Section 3.3). Typical LA value for recycled aggregates from 
returned concrete waste has been reported to be 25% [16]. Generally, comparing the performance of materials investigated in this 
study to others e.g. recycled concrete aggregates, generic conclusion regarding the LA performance is that such materials have lower 
performance than natural aggregates. This is due to the crushing effect on residual mortar at the interfacial transition zone i.e., region 
of paste around aggregate particles [32,33]. For example, in a study that reported the LA of recycled concrete aggregates within the 
range of 35–42%, it was mentioned that the tendency to achieve less crushing resistance was due to increased amount of paste content 
[33]. Similarly, another study reported the LA of three different recycled concrete aggregates within the range of 38–41% [34]. 

The Norwegian road construction guideline report the LA limit criteria for natural aggregates for base at ≤ 35% [35]. Similarly, 
maximum LA values for different applications ranging from 30% to 50% are reported in the study[36]. Another study reported 
averaged LA values for eleven limestone, eleven marble and ten andesite rocks as 26%, 27% and 16%, respectively [37]. Based on 
these, it may be concluded that the performance of materials investigated is good and therefore they qualify to be used in unbound 
applications. 

Regarding the MD results significant differences were seen in feedstock materials. Recycled materials demonstrated a consistent 
trend in both cases. This observation again confirmed the effect of the wet technique on removing weak paste on the interface of RCZ. 
The MD performance obtained in this study is significantly better compared to reported MD of 31% for recycled aggregates obtained 
from ready mixed concrete waste [16]. Slight differences in MD occurred for RCZ0. Nevertheless, they are consistent with reported MD 
values within the range 6–20% for excavation materials [31]. In Norway, a recent study proposed LA and MD criteria for intermix of 
recycled concrete aggregates and excavation materials of ≤ 35% and ≤ 20%, respectively [38]. These limit criteria were met by all 
materials investigated, especially RCZ50. In comparing the MD performance to recycled concrete aggregates, one study reported the 
MD within the region 28–30% [39]. The MD for natural aggregates i.e., basalt, granitoid and gabbroid rocks has been reported within 
the margin 8–9%. [40,41]. Another study have also reported the MD values for natural aggregates used in different applications within 
the range ≤ 13–30% [42]. It is clear given these findings that RCZ advances the opportunity to increase the use of recycled materials 
from returned concrete waste under proper production and treatment. 

3.3. Acid soluble content and particle size 

Acid solubility test were performed on samples obtained from UiA only and the results are reported in Table 4. The solubility rate of 
the feedstock were found to be the same. Similar observation was realized in RCZ50 and RCZ100 whereas RCZ0 was the main insoluble 
material given a 5% soluble part. Generally, the results followed a consistent pattern in relation to the LA performance. By this, RCZ-F0, 
and RCZ-F which recorded LA of 25% and 23%, respectively were shown to be highly soluble. This was not surprising given the source 
and the fact that both feedstocks did not receive wet treatment, subsequently indicating more amount of cement paste. Recycled RCZ50 
and RCZ100 demonstrated low amount of paste content which also reflected in the LA values of 22% and 18%, respectively. Further, 
this confirmed the removal of loose paste content by applied treatment and maximizes the benefits of producing recycled aggregates 
RCZ and excavation materials. The relation that high paste content reduces the LA performance has been demonstrated in some studies 
[33,43]. 

Fig. 3. PSD as determined at UiA (left), and Velde (right).  
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Samples denoted LA were obtained from < 1.6 mm sieve after LA. RCZ0LA, RCZ50LA and RCZ100LA showed increased solubility rate 
which means the paste content was more profound in small particle size fractions. This trend can be seen by the increased solubility for 
< 1.6 mm samples by increased RCZ content. Generally, the relation that acid soluble content increases as the particle size reduces is 
consistent with the findings reported earlier [44]. In view of this, it is feasible to expect that the fine fraction will contain a higher 
amount of cement paste than the coarse fraction of recycled materials at the production facility. In the case of increased solubility for 
RCZ0LA the reason may be due to the presence of residual paste from RCZ50LA and RCZ100LA since all materials were tested in the same 
machine. 

3.4. Oxide composition and change in mineralogy 

The results for oxide and heavy metal composition are reported in Table 5 and Table 6, respectively. Regarding the major oxides, 

Fig. 4. X-ray diffractograms pattern of samples investigated and marked with the prominent peaks of the main mineral phases Mi = Mica, F 
= feldspar, Qz = Quartz, C= Calcite, P = Portlandite, Cl = Chlorite. 
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slight differences were observed between the materials. The content of CaO found in the feedstock was higher than recycled materials. 
Again, this observation means that some of the paste were removed during the wet process. A clear trend of increased CaO content was 
found in the fine fraction of RCZ samples after LA which supports that paste content is susceptible to crushing. In addition, these 
findings were in accordance with the trend observed in the acid soluble results as demonstrated in Table 4. This again supports the 
theory that some of the paste is removed during the wet process. Some studies show that the major element oxides are influential 
factors given their effect on durability, hardness, toughness, and soundness properties [40,45]. The most apparent element is SiO2 as 
expected due to the mineralogy (discussed below). It can be observed that SiO2 content decreases with increasing RCZ because more 
properly cured cement paste is introduced. 

The quantified mineral phases in both original and pulverized residues (<1.6 mm) are shown in Table 6. The dominant minerals 
identified were typical for Norwegian aggregates, i.e. feldspar, quartz, phyllosilicates (mica and chlorite) and minor amounts of py-
roxene (diopside). The main feldspar minerals identified were albite, while anorthite, microcline and orthoclase was also found. In 
addition, paste minerals like portlandite and residual clinker phases were identified besides calcite. The clinker minerals were mainly 
larnite (Ca2SiO4) and brownmillerite (Ca2(Al,Fe)2O5). The results are normalized to 100% crystalline phase content. The discrepancy 
between the acid soluble amount and the paste phases detected is probably due to the X-ray amorphous phases of calcium silicate 
hydrate which were not considered here. Some differences in mineral content were observed between the samples before and after LA. 
Considering calcite, RCZ100 recorded the highest amount but there was a significant reduction in RCZ100LA. Other recycled materials 
RCZ0 and RCZ50 recorded lower concentrations but slightly increased amounts were observed in RCZ0LA and RCZ50LA. All samples 
reported a low amount of Portlandites. The clinker phases were not marked in the figures. This was because of peak overlap with other 
main minerals and low overall intensities in comparison to feldspar and quartz. Note that the presence of mechanically weak minerals 
e.g., Chlorite is slightly higher in RCZ0 and RCZ50, and RCZ0LA and RCZ50LA. This is because the excavation materials used in the 
study is originally characterized by different geological make up i.e., phyllites [30]. Nevertheless, the content of mica is consistent and 
present in all samples. Generally, these primary minerals identified as quartz, phyllosilicates, and feldspar, are known to influence the 
mechanical performance of rocks, [30,36,46,47]. Unlike quartz and feldspar which contributes to performance improvement, phyl-
losilicates are mechanically weak minerals. However, in this study, the content of mica and chlorite as found in excavation materials 
did not compromise overall mechanical performance. This phenomenon is not only attributed to the content but also the disposition 
through distribution and structural formation of the grain boundaries [47]. Hence, the LA reported for excavation materials as 24% 
and 26% from both test centers are equivalent to the LA of some rocks (e.g., Arkose, Granite, Pegmatite) found in Norway [42]. Fig. 4. 

3.5. Chemical species of potential concern (COPC) 

The environmental applicability of RCZ was screened by assessing the COPC level in the feedstock and new aggregates. In addition, 
the LA fine samples (< 1.6 mm) were included to disclose any increased concentrations in the weak mineral part of the RCZ. 
Furthermore, Norwegian content limits for concrete waste, that recently have been developed by Norwegian Environmental Agency 
(NEA) were used to evaluate the COPC level [48]. They were derived from risk assessments based on COPC leaching evaluation and 
Norwegian soil quality limits [49]. Concrete and masonry waste that comply with these limits can be used without calculating the 
environmental risk in case-by-case for recycling scenarios above groundwater level and not submerged in water (e.g. sub-base in road 
construction). The limits are often used as first-stage evaluation of waste-derived binders and recycled aggregates used for concrete, 
since the unbound recycling scenarios (granular condition) are more critical for unacceptable release of COPC than the use in concrete 
(monolithic condition). Hence, compliance with the Norwegian NEA limits ensures limited spreading of COPC to the environment in 
the practical recycling application scenarios[48]. The results are shown in Table 7 and the concentrations were found to be low with 
some exceptions, i.e., elevated concentrations for Cu, Cr and Zn were found in the washed RCZ which exceeded the NEA limits. If the 
RCZ0 (washed excavation materials) are compared to the concrete sludge feedstocks RCZ-AF0 and RCZ-AF, it can be observed that the 
elevated levels originated from the excavation feedstock. In addition, these levels decrease significantly as concrete sludge content was 
introduced in the recycling process. 

Furthermore, under oxidised conditions hexavalent Cr (CrO4
2-) may form, which in earlier studies has been identified experi-

mentally [50] and by geochemical speciation modelling [51] as bound in ettringite solid solution in recycled concrete aggregates. In 
the present study, the Cr(VI) level was low in RCZ samples (see Table 7) which will ensure low leaching of Cr upon carbonation and a 
decrease in pH. Moreover, all Cr(VI) values were below the Norwegian soil quality criteria of 2 mg/kg [49]. It can also be seen that the 
wet recycling process decreased the Cr(VI) level when the feedstock and RCZ100 are compared. It can be noted that the recycling 
facility has full treatment of polluted water and the removal of Cr(VI) in the present process may be found to be a viable solution. 

If the fine fractions (<1.6 mm) are examined, a significant concentration increase was only found for Zn and Cu when the concrete 
sludge feedstock increased. The cement paste content also increased in the fine fractions upon increased sludge content (shown in 
Table 4), which explained the elevated concentrations in RCZ100. However, the COPC levels in the fine fractions were low which is 
promising regarding potential impact on soil and groundwater, since the cement paste is the most chemically active part regarding the 
release from recycled aggregates. 

4. Conclusions 

This paper investigates the technical and environmental properties of Re-Con Zero dry washing technology used to produce 
recycled aggregates from concrete sludge (RCZ) and combined as a feedstock in wet recycling excavation materials. The production 
followed sample classification RCZ0, RCZ50 and RCZ100 within the range 0–100%. The Los Angeles (LA) and micro-Deval (MD) 

S. Adomako et al.                                                                                                                                                                                                      



Case Studies in Construction Materials 19 (2023) e02498

10

performance demonstrated RCZ to be a good material and therefore increasing the amount of RCZ enhanced the performance of final 
product. This observation was clearly visible in reported LA and MD values. X-ray diffraction analysis performed on original and 
pulverized residues (< 1.6 mm) identified dominant mineral phases to be feldspar, quartz, phyllosilicates (mica and chlorite) and 
minor amounts of pyroxene (diopside). Furthermore, some differences in paste mineral (calcite) were observed, e.g., while a significant 
amount was found in RCZ100, the amount in RCZ100LA significantly reduced. Conversely, low concentrations were reported for RCZ0 
and RCZ50 with a marginal increase in RCZ0LA and RCZ50LA. Regarding the acid solubility, the study showed that paste content in 
particle sizes (<1.6 mm) obtained after LA test was significantly higher than in the coarse fractions. This phenomenon confirmed the 
presence of paste in RCZ after wet treatment although the treatment process removed poorly cured paste. The contents of chemical 
species of potential concern (COPC) were found to be low and mostly complying to Norwegian environmental criteria. It was also 
found that Cr(VI) was not detected in wet treated RCZ and strongly indicate low leaching of Cr upon carbonation and a decrease in pH. 
Hence, the results were promising and can be used for further development of separate RCZ and in combination with excavation 
materials. The approach may increase the extended use of both materials and offer significant technical and environmental benefits. 
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