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ABSTRACT

An alternative supplementary cementitious material (SCM) based on quarry waste sludge, namely gravel wash
mud (GWM) powder, is investigated for its performance in blended cement pastes and concretes. Varying mix
designs of blended cement pastes and concrete mixtures at Ordinary Portland cement (OPC) substitution degrees
from 10 wt% up to 30 wt% by uncalcined and calcined GWM powders were examined at different curing ages
using isothermal calorimetry, strength-based examinations, shrinkage test, carbonation test and scanning elec-
tron microscopy. The pozzolanic nature of the calcined GWM powder was confirmed, however, minor to no
significant physiochemical contributions to the early hydration reactions were observed. The incorporation of
calcined GWM powders up to OPC replacement levels of 20 wt% showed an enhancement of the long-term
properties of the hardened specimens, namely less drying shrinkage and reduced progression of carbonation
compared to the control mixtures. Beneficial strength-enhancing effects were observed for binary blended
concrete mixes using calcined GWM powders at OPC replacement levels of 10 wt% and 20 wt% and classified
them as viable proportions for alternative SCM-based concretes. The revalorisation of the GWM, a quarry waste
product, as a novel and competitive raw material resource for cement production, would provide an
environmental-friendly and alternative solution to the expensive and inefficient end-of-life scenario of GWM at

the landfills.

1. Introduction

Concrete is incontestably the most used construction material, and it
plays an essential role in the urbanisation of cities of industrialised
countries as well as the rise of emerging countries to meet the living
standards and the infrastructure requirements of rapidly growing pop-
ulations worldwide, and its importance will continue to intensify in
future [1]. The sustainable development of the construction industry has
undoubtedly emerged to the focus of interest over the last decades as the
progressive environmental consequences of the current concrete usage
practices have further stimulated the urge for an appropriate and du-
rable solution worldwide. Nonetheless, as the production of concrete is
directly dependant on the acquirability of abundant local resources and
their nature, current research outcomes are mainly able to come up with
local up to regional solutions. The major portion of concrete’s negative
environmental impact is attributed to its principal binding agent, Or-
dinary Portland cement (OPC), whose production process, namely the
clinkerisation process, generates high CO, emissions [2,3]. Current es-
timates state that the average yearly global cement production remained
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stable at around 4.1 Gt since 2013 [4-6]. However, the forecasts on the
rise of the global population and its subsequent infrastructure devel-
opment requirements suggest that global cement production will in-
crease by more than 12% by 2050 [1].

Furthermore, the current expectations on the investigations and the
advancements of the scientific and technological organisations collab-
orating with the cement industry are very high. The extent of the
existing and future endeavours to mitigate the environmental impacts
regarding the CO, emissions of the cement industry is correlated to the
growing cement production rates and the speed of the technological
progress of the sector. Therefore, various CO2 mitigation strategies have
been developed and established to formulate “eco-efficient” concretes
[7]. One of the proposed solutions is the clinker replacement by “low
carbon” constituents with proven binding properties, namely supple-
mentary cementitious materials (SCMs), to reduce the environmental
impacts and to improve the durability of concrete products without
compromising its competitiveness [8,9]. Consequently, the current Eu-
ropean cement standard EN 197-1 [10] authorises the incorporation of
six supplementary main constituents (blast furnace slag, silica fume,
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pozzolana, fly ash, burnt shale and limestone) in addition to Portland
cement clinker in the composition of common cement types. Moreover,
for instance, the French national addition of the European concrete
standard NF EN 206/CN [11] permits the use of Metakaolin as a
pozzolanic addition for concrete after conformity according to the na-
tional product standard NF P18-513 [12]. There exist numerous
research work on the physicochemical and mineralogical characteristics
of these SCMs, the extent and intensity of the involved reaction mech-
anisms in the cement-based compounds, and their influence on the
mechanical performance and durability of the resulting blended cements
and concrete products [13-29].

However, in most of the European countries, not all of these con-
stituents are abundantly available locally and the stocks of these tradi-
tional “mainstream” SCMs, mostly artificial pozzolans like silica fume
(SF), fly ash (FA) or granulated blast furnace slag (GBS), are gradually
disappearing as a result of more substantial sectoral and environmental
restrictions, and technological advances in primary industrial sectors
like the steel industry or the coal-fired power stations. This increasing
scarcity of traditional SCMs and the already existing depletion of natu-
rally mined materials has promoted the construction industry to
research on new alternative SCMs worldwide, mostly originating from
various industrial waste flows [24,30-33].

In recent years, there is a substantially growing research interest in
the valorisation of co-products or wastes from quarries (washing
sludge), abandoned clay mines (medium-reactive clay deposits) or other
unused potential resources of diverse industrial origins to assess their
aptitude for their use as SCMs in future blended cements and to provide
larger flexibility to the local cement industry to encounter future chal-
lenges. Furthermore, the incorporation of these alternative waste-based
SCMs in cementitious binders can reduce the environmental footprint of
the quarries, and a potential stabilisation or even decrease of building
materials’ cost can be expected. A broad spectrum of local and regional
industrial waste materials, which were not exploited to date and mainly
landfilled, have been investigated to be incorporated as SCMs in blended
cements or as additions in concrete. Among highly investigated waste
products to reduce the clinker factor in future cements or to utilise as
filler aggregates figure reservoir sludges [34], waste expanded perlites
[35], waste glass sludges [36], granite quarry wastes [37], quarry wastes
containing limestone, diabase and gneiss [38], quarry reservoir sludges
[39-41], dolomitic quarry dust [42], marble stone dust [43], non-
recyclable waste glass [44], ceramic wastes [44,45], clay-based con-
struction wastes [46-48], and many more [49,50]. Most of the authors,
researching the revalorisation of unutilised waste materials, report that
independently of the reactivity of the waste-based SCMs, at lower
replacement levels around 10 wt%, improved hydration kinetics and
strength development of the blends are foreseeable. Furthermore,
depending on the nature of reactivity (potential to possess respectively
build hydraulic or pozzolanic binding properties, or both) and the
intrinsic characteristics of the waste products, at OPC replacement levels
around 20 wt%, the formation of additional hydration products at
varying stages of the hydration process was observed, mostly leading to
improved mechanical performances, reduced porosity (filling of mi-
cropores and improved interfacial transition zones), the enhancement of
the microstructure and better durability (improved long-term behav-
iours and resistance to external deleterious effects) of the hardened
products compared to the OPC-based reference mixtures
[34-38,42-44,46-49]. Nonetheless, most of the studies consist of early
investigations on the suitability of the waste material to be considered as
SCM in binder mixtures or blended cement mortars.

2. Materials and experimental program

The objective of the conceptualised mix design and the applied
experimental methods is to corroborate the performance of the proposed
SCMs, namely GWM powders, to be incorporated in concrete mixtures as
a promising alternative to only OPC-based concretes without
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compromising on the concrete’s property requirements.

2.1. Materials and material preparations

A commercial Ordinary Portland cement (OPC; popc = 3.10 kg/dm3)
with grade CEM I 42.5 R according to EN 197-1 [10] from Cimalux S.A.
was used as the main binder of the different mixtures. The concrete
mixtures were prepared with commercially available mixed sand and
gravel aggregates of regional origin (Mosel sand and gravel mix, MSG;
pumsc = 2.40 kg/dm®) with a grain size range of 0/16 mm, certified ac-
cording to DIN EN 12620 [51]. The gravel wash mud was obtained from
a Luxembourgish sandstone quarry (Carrieres Feidt S.A.) and was pre-
processed by desiccation to constant mass at 105 °C. After drying, the
GWM chunks were powdered using a laboratory jaw breaker (no further
powder milling process was required), hereafter referred to as the un-
calcined GWM (UGWM; pygwm = 2.52 kg/dm3) powder. The repro-
ducibility and the consistency of the granulometry is confirmed. After
the fine powders (UGWM) were set up for calcination. The calcined
GWM (CGWM; pygwm = 2.50 kg/dm>) powder was produced by thermal
treatment of UGWM powder at 850 °C inside a laboratory chamber
furnace (heating rate of about 5 °C/min) while maintaining the peak
temperature for one hour, followed by a natural cooling down to room
temperature. No further milling was done after the calcination process.
The calcination allowed to transform the base material (UGWM) with
low pozzolanic activity into a more amorphous and medium-reactive
artificial pozzolan (CGWM) [39-41].

2.2. Mix design and curing conditions

2.2.1. Binder paste compositions

The mix proportions of the investigated binder pastes are presented
in Table 1. Seven different cement paste mixes were prepared to incor-
porate increasing proportions of UGWM powders, respectively CGWM
powders, from 10 wt% up to 30 wt%, and a reference mixture (REF). The
water/binder (w/b) ratio was fixed to 0.4, and no additional aggregates
were added. Three replicate specimens were prepared for each mixture,
and the investigated curing ages were 28 and 56 days. The same mixing
procedure was applied for all mixtures and carried out, as described in
[40]. The mixtures were poured in steel moulds (40 x 40 x 160 mm?)
according to EN 196-1 [52]. After 24 h of hardening time, the specimens
were demoulded, wrapped in cellophane foil to restrict moisture ex-
change with the surroundings and cured at ambient temperature until
24 h before the compression tests. For REF, UG20 and CG20, additional
specimens were prepared to examine the evolution of compressive
strengths from 1 day up to 90 days. Furthermore, the impact of curing
conditions (cured in air and water) on the evolution of compressive
strength of REF and CG20 was investigated on additional samples. After
demoulding, the specimens (cured in water) remained submerged under
water until 24 h before the uniaxial compression strength test.

Table 1
Paste mixture compositions.

Mixture” Quantities per specimen (40 x 40 x 160 mm°®)

Substitution degree UGWM CGWM" OPC w/b*
-] [wt.%] [g] [g] [g] -]
REF 0 - - 425 0.40
UG10 10 43 - 383 0.40
UG20 20 85 - 340 0.40
UG30 30 128 - 298 0.40
CG10 10 - 43 383 0.40
CG20 20 - 85 340 0.40
CG30 30 - 128 298 0.40

@ For each curing age, three specimens of each mixture were prepared
b Calcination temperature of GWM = 850 °C
¢ wy/b: water/binder ratio, binder equal to cement or cement and CGWM
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2.2.2. Concrete mixtures

In this study, the same binder proportions as for the binder pastes,
namely cement substitution rates of 10 wt%, 20 wt% and 30 wt% by
UGWM respectively CGWM, were considered in the mix design of the
concrete mixtures to study the characteristics in the fresh and hardened
state of the investigated concretes. The volumetric mix design, as pre-
sented in Table 2, was applied to achieve concretes of class C40/50,
according to DIN EN 206-1 [53]. For the concrete mixtures, the binder:
aggregate (b:ag) ratio ranged around 1:3.7 and the water/binder ratio
was fixed at 0,42 for all mixtures. The mixture C_REF without GWM
powders was set as reference mixture. An increase of the mixture water
content or the use of a superplasticiser to achieve the same consistency
and workability (same slump values) was not considered in this study, as
the performance of the hardened concrete, respectively the properties of
the different binder matrices in the hardened composite structure were
prioritised.

The mixing procedure was kept consistent for all the concrete mix-
tures: First of all, the fine and coarse aggregates are poured in the
concrete mixer, and about two-thirds of the determined water quantity
is added and briefly mixed. Then, the binder (cement only, respectively
cement and GWM powder) is added and mixed for 30 s. Without inter-
rupting the mixing process, the remaining water is poured in, followed
by a mixing time of 90 s. After the mixing procedure, the consistency of
all the fresh concrete mixtures was determined. All the specimen were
cast in three layers, where each layer was compacted on a vibrating table
until no further air bubbles appear (reduction of air voids) as prescribed
by DIN EN 12390-2/A20 [54]. The samples were stored at room tem-
perature for 24 h. After demoulding, the specimens are stored and cured
under water for 7 days, then dry storage at ambient temperature is
applied until 28 days of curing age. The samples tested after 56 days are
submerged in water for 35 days and stored at room temperature for 21
days, according to DIN EN 12390-2/A20 [54].

2.3. Experimental methods

2.3.1. Physicochemical and mineralogical properties of the primary
materials

The grain size distribution of concrete aggregates (MSG) was
examined using the dry sieving method, according to EN 933-1 [55].
The particle size distributions of the powder samples OPC, UGWM and
CGWM, were determined by laser diffraction technique using a particle
size analyser (HELOS-RODOS-VIBRI from Sympatec GmbH). A wave-
length dispersive X-ray fluorescence spectrometer (S8 TIGER from
Bruker AXS GmbH) was used to detect the elemental composition of the
powder samples using the XRF method. A powder X-ray diffractometer
(D4 ENDEAVOR from Bruker AXS GmbH) using Cu K, radiation was
used to determine the mineralogy of the powders by X-ray diffraction

Table 2
Concrete mix design.
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analysis using the Rietveld refinement method [56].

2.3.2. Isothermal calorimetry, compressive strength test of the hardened
pastes and shrinkage test

The analysis of early hydration phases of four cement pastes, namely
one control mixture (cement only) and three cement pastes including
CGWM powders at OPC replacement levels of 10, 20 and 30 wt%, were
determined using isothermal calorimetry. The rate and the extent of the
hydration heat were monitored and quantified by a thermal activity
monitor (TAM, TA Instruments) as a function of time at 20.0 °C, and the
mixtures were prepared at fixed w/b ratio of 0.4. Two separate mea-
surements were performed to determine the evolution of the hydration
heat for all samples: The first measurement was carried out for the first
30 min using the high sensitivity isothermal titration calorimetry
[57,58], appropriate for the first rapid reactions (highly exothermic and
high early hydration heat release). The second measurement was per-
formed to monitor the heat release starting from 30 min up to 40 h by
isothermal microcalorimetry [59,60]. The measured thermal energy is
converted into the heat flow in mW/g and the normalised cumulative
heat release in J/g.

The compressive strength of the hardened binder pastes was
measured using a compression testing plant (TESTING Bluhm & Feuer-
herdt GmbH, Germany), conform to the standard DIN EN 196-1 [52].
The presented compression strength results represent the average values
of at least three valid tests on replicate specimens at the examined curing
ages. The water- and air curing of the hardened specimens was per-
formed at constant storage conditions. Further strength-based evalua-
tions were conducted using the compressive strength results, namely the
strength activity index (SAI) [61-64] to evaluate the pozzolanicity of the
GWM powders and the relative strength index (RSI), proposed by [40].
The RSI method allows determining the relative strength gain or loss of
the cement pastes by taking into account the considered OPC replace-
ment level by the GWM powder.

The unrestrained drying shrinkage test was conducted on the paste
mixtures, which were cast in 40 x 40 x 160 mm?® moulds with inte-
grated attachment pins on both ends of the specimens. After 24 h, the
specimens were demoulded and were mounted on ball-bearing rollers of
the measuring unit (Fig. 1) using the attachment pins (free rotatable),
assuring no obstruction for volume change in any direction (unre-
strained). The conical contact tip of a digital displacement gauge (linear
variable differential transformer (LVDT) displacement sensors with a
measuring range of 5 mm, a resolution of 0.31 pm and an accuracy of
0.2 pm) was positioned on one side of the specimens to monitor the time-
dependent volume contraction (shrinkage) by measuring the variation
in the length of the specimen with time while a fixed pin horizontally
constrained the other side.

Mixture” Curing ages of 28 and 56 days; Quantities for 1 m® [kg/m°%]

Binder Aggregates

Substitution degree UGWM CGWM" OPC Grain size (0/16 mm) Water w/b¢
[-] [wt.%] [kg] [kgl [kgl [kgl [-] [-]
C_REF 0 - - 429 1200 180 0.42
C_CG10 10 - 43 386 1191 180 0.42
C_CG20 20 - 86 343 1183 180 0.42
C_CG30 30 - 129 300 1174 180 0.42
C_UG10 10 43 - 386 1191 180 0.42
C_UG20 20 86 - 343 1183 180 0.42
C_UG30 30 129 - 300 1174 180 0.42
p [kg/dm®] 2.52 2.50 3.10 2.40 1.00

@ For the curing each curing age, three specimens of each mixture were prepared

b Calcination temperature of GWM = 850 °C
¢ wy/b: water/binder ratio, binder equal to cement or cement and CGWM
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. Ball-bearing rollers as support

. Pin, replaced by digital displacement gauge

. Pin, integrally cast-in or attached on both sides of specimen
. Pin, used as horizontal constraint on one side

. Bearing block, position adjustable

. Bearing block, fixed

7. Locking mechanism

8.+ 9. Steel base plate, inclined position by supporting feet

Fig. 1. Setup of the shrinkage test.

2.3.3. Characteristics of fresh concrete, mechanical properties of the
examined concretes, carbonation test and scanning electron microscopy
(SEM) analysis

The properties of the different fresh concrete were studied by
measuring their consistency at the plastic state, directly after the prep-
aration of the mixtures by concrete slump test, according to EN12350-2
[65]. The slump value is determined as the difference in height between
the level of the standardised slump cone (Abrams cone; height = 300
mm) and the height of the collapsed fresh concrete after removing the
cone in which it was compacted. The mixture C_REF was assigned as
reference concrete to assess the workability of the concrete mixtures
containing GWM powders.

The hardened concrete properties of all concrete specimens were
tested by compressive strength test on cylinders (3150 x 300 mm) at 28
and 56 days of curing age using a compression testing machine
(TESTING Bluhm & Feuerherdt GmbH, Germany), conform to the
standard EN 206 [53] and according to EN 12390-3 [66]. Additionally,
the modulus of elasticity (elastic modulus) of the different hardened
concrete samples was determined according to EN 12390-13 [67].
Curing of the samples was performed according to DIN EN 12390-2/A20
[54], and before the compression tests, the surface irregularities of the
cylindrical specimens were polished into plane contact surfaces to
ensure a uniform pressure distribution.

The carbonation of the investigated concrete mixtures is assessed at
curing ages of 28 and 56 days (specimens are cured under water for 7
days, then stored at room temperature until carbonation test) by
applying an indicator fluid (phenolphthalein solution) on a freshly
fractured concrete surface according to EN 14630 [68]. After the
application of the indicator, the resulting violet area represents the non-
carbonated concrete zones, and its distance to the outer concrete shell is

measured as the carbonation depth.

The microstructure was examined on broken fractions of compressed
concrete specimens (including gold sputter coating to prevent charging
of the specimen and for higher resolution images) using a high per-
forming JEOL JSM 6010 analytical scanning electron microscope with
integrated elemental analysis by energy-dispersive X-ray spectroscopy
(EDS), which allowed to produce high-quality microstructural obser-
vations by detection of secondary electrons (SEs), backscattered elec-
trons (BSEs) and Auger electrons (AEs) from the interaction of the
primary electron beam with the investigated specimens following a
raster scan pattern.

3. Results and discussions
3.1. Physicochemical properties and mineralogy of the primary materials

3.1.1. Particle size distribution of the used components

The grading curve of the mixed aggregates MSG, presented in Fig. 2,
was determined by sieve analysis and the grain-size distribution of MSG
was classified to the A/B16 aggregate grading range (coarse- to medium-
grained) according to EN 933-1 [55]. From the particle size analysis by
laser diffraction, the GWM powders show the finest particle size distri-
bution among all the examined materials (Fig. 2). The abbreviation dX
=Y indicates that X% of the particles in the sample have a diameter size
of Y or smaller. UGWM shows the finest grain size range (d10-d90) from
1.47 to 41.51 pm with respective mean particle sizes (d50) of 7.22 pm,
whereas, owing to the clumping effect due to the calcination process,
CGWM is slightly coarser with d10-d90 ranging from 1.68 ym to 58.30
pm and d50 of 9.02 pm. The OPC powder shows a mean particle size
range of 11.32 pm.
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3.1.2. Chemical composition and mineralogy of the applied powders

The chemical compositions of the UGWM and CGWM powders are
presented in Table 3 and comply with the findings from other works
[39-41] by confirming the aluminosilicate nature of the investigated
materials with the primary elemental composition of SiOy (elevated
content), Al,O3 and Fe;O3 (medium content). The chemical evaluation
of OPC verifies the oxide composition of ordinary Portland cement of
type CEM I 42.5 R with elevated CaO, moderate SiO,, and minor Al,O3
and Fe;O3 contents [69,70].

The quantitative XRD analysis was carried out based on the method
described in [40,71], and the mineralogical compositions of the binder
constituents are summarised in Table 4. The used Ordinary Portland
Cement, in addition to the traditional cement clinker phases (Alite,
Belite, aluminoferrite and aluminate), revealed the presence of a hy-
drous calcium sulphate phase, namely anhydrite (CaSOg4), as well as
calcite (CaCOgs), Portlandite (Ca(OH)3), and quartz (SiO2). The main
crystalline phases identified in the GWM powders were quartz, musco-
vite, followed by illite and kaolinite as clay minerals, hematite and the
amorphous portions.

3.2. Early hydration kinetics, long-term volumetric changes due to
shrinkage and mechanical performances of the hardened blended cement
pastes

3.2.1. Hydration heat flow by isothermal calorimetry

The evolution of the heat flow profiles of the plain and binary cement
pastes for the first 30 min are presented in Fig. 3a, from 30 min up to 40
hin Fig. 3b and the cumulative heat release up to 40 h in Fig. 3¢. During
the initial phase of cement hydration (pre-induction period) after
addition of water, the rapid dissolution of the cement minerals, C3A
(calcium aluminate) and C3S (alite), into unstable, reactive ions in the
pore solution leads to the formation of stable solid phases accompanied
with exothermic heat release. As shown in Fig. 3a, the highest peaks of
the initial hydration heat of each examined fresh pastes occurred in the
first minutes after water addition and exhibited a non-monotonic pro-
gression as a slight leftward shift of the heat evolution curves of the
cement pastes containing CGWM powders was observed. Furthermore,
only for the cement pastes containing 10 wt% of CGWM, a representa-
tive enhancement was traceable, mainly due to its positive contribution
by the initial dissolution of additional ions to the saturation of the pore
solution, which was not observed for the pastes with higher contents of
CGWM (oversaturation of the pore solution with aluminate and silicate
ions). Following the heat profile curves, illustrated in Fig. 3b, no cor-
relation between the incremental CGWM content and the heterogeneous
nucleation of additional C-S-H phases could be observed as the released
hydration heat declined with increasing OPC replacement levels by the
CGWM powders. The decline of the hydration heat rates proportionally
to the CGWM content becomes visible in Fig. 3c as lower slopes are
observed during the acceleration period, which confirms that the higher
OPC replacement levels by a slow-reacting medium-pozzolanic material
like CGWM reduce the extent of hydration reaction at early ages, and the
overall dilution effect, as well as the agglomeration effect between the
fine aluminosilicate particles, dominate their potential to act as nucle-
ation sites for additional hydration of the cement grains. The higher
hydration rates of the REF mixture are carried over all the examined

Table 3
Chemical composition of OPC, UGWM and CGWM powders.
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hydration stages resulting in higher cumulative heat release up to 40 h.
These results regarding the evolution of the hydration heat release of the
investigated cement pastes complement earlier findings [39-41] that the
incorporation of higher amounts of CGWM in blended cement pastes
exhibits minor to no significant physiochemical effects as the CGWM
powders could provide no larger interfacial surface area for higher hy-
dration reaction rates (C-S-H seeding) by performing as nucleation sites
during the early hydration stages of the cement matrices.

3.2.2. Shrinkage behaviour of blended cement pastes

The unrestrained drying shrinkage of hardening paste mixtures was
measured as the variation in length due to volume change over time at
constant storage conditions. The temperature [°C] and the relative hu-
midity [%] were recorded over the entire measurement period and
ranged around 21.3 + 1.4 °C, respectively 56.7 + 12.0% of relative
humidity (Fig. 4). The drying shrinkage behaviours of the control
mixture REF and the blended cement pastes CG10, CG20 and CG30 over
80 days is plotted in Fig. 4. Overall, the drying shrinkage magnitudes of
all specimens increased rapidly for the first two weeks, followed by
slower increase rates in the subsequent months down to constancy. Over
the whole examined time, REF exhibited the largest shrinkage values.
CG10 and CG20 experienced almost identical evolution of the shrinkage
values and therefore presented similar shrinkage behaviour, whereas
CG30 exhibited a short swelling period in the first two days, followed by
a larger shrinkage rate than REF until stabilising around the shrinkage
magnitudes of CG10 and CG20 at 60 days. The expansive effects of
swelling of the paste mixtures with higher CGWM contents can be
related to the larger soaking of portions of mixture water by the
aluminosilicate raw material, which influences the chemical and
autogenous shrinkage of the cement-CGWM pastes at higher OPC
replacement levels at early curing ages [72,73].

After 7 days of curing age, CG10, CG20 and CG30 experienced 18%,
23% and 15% less contraction deformations than the control mixture.
The maximum shrinkage values of REF, CG10, CG20 and CG30 up 80
days were at 508.6 pm/m, 489.4 pm/m, 484.1 pm/m and 469.8 pm/m, i.
e. the experienced shrinkage is 4%, 5% and 8% less for CG10, CG20 and
CG30 than that of the reference mixture REF. The measured maximum
shrinkage values comply within the indicative range for acceptable
shrinkage deformations for standard concrete from 0.2 mm/m up to 0.6
mm/m [74]. The evaluation of the shrinkage magnitudes of the inves-
tigated pastes approves the positive enhancements of the time-
dependant properties of blended cement pastes by incorporating
CGWM as SCM due to the improved packing of the constituents and the
formation of additional pozzolanic hydration products.

3.3. Compressive strength tests of hardened pastes

The results of the 28- and 56-day compression strength tests of the
hardened pastes with different OPC replacement levels by UGWM and
CGWM powders are presented in Fig. 5. The indicated values represent
the mean compressive strengths out of at least three valid compression
tests on replicates. For blended cement pastes containing 20 wt% and 30
wt% of GWM powders (both UGWM and CGWM), consistent gains in
compressive strength from 28 days up to 56 days were considered. For
REF, UG10 and CG10, a slight reduction of the compressive strength was

Sample Chemical composition

SiO, Aly03 Fe,03 CaO MgO SO3 NaO K20 TiO, MnO
[-] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%]
OPC 18.94 4.68 4.25 65.56 1.22 291 0.21 0.52 0.33 0.34
UGWM 65.06 19.53 9.37 0.41 1.66 0.09 0.24 2.72 0.85 0.06
CGWM 64.10 20.29 8.91 0.41 1.81 0.00 0.24 3.26 0.90 0.08
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Table 4
Mineralogical composition (quantitative) of OPC, UGWM and CGWM powders.
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Sample Mineralogical composition [%]
CsS C,S C4AF C3A Anhydrite Calcite Portlandite Quartz
OPC 52.2 24.6 11.8 1.7 2.6 4.8 1.8 0.5
Quartz” Muscovite Tllite Kaolinite Hematite KAl5Siz0q; Amorph
UGWM® 35.0 16.5 13.2 11.3 0.6 1.5 21.9
cGwMP 35.0 8.7 12.4 0.3 2.1 7.2 34.4
@ Quartz content fixed for normalisation of data; b Quantitative XRD data from[40]
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Fig. 3. Isothermal calorimetric curves of REF, CG10, CG20 and CG30. a) heat flow from up to 30 min, b) heat flow from 30 min up to 40 h, ¢) accumulated heat

release up to 40 h.

observed from 28 days to 56 days.

Overall, the cement pastes containing GWM powders reached lower
compressive strengths than the control mixture over the entire examined
curing ages. At 28 days, the lower pozzolanicity of the UGWM powders
compared to CGWM powders becomes evident as for same mixture
proportions, lower compressive strengths are achieved by the hardened
pastes containing UGWM at OPC replacement levels of 20 wt% and 30
wt%. The lower reactivity of UGWM becomes more significant with
increasing curing age, as at 56 days, the compressive strengths of
hardened pastes incorporating UGWM powders decrease with higher
substitution degrees of OPC, whereas the mechanical performances of
hardened pastes containing CGWM increase slightly with higher OPC
replacement levels. This representative trend indicates the formation of
additional hydration products due to pozzolanic reactions between the
CGWM powders and unreacted calcium hydroxide (Portlandite), the
main co-products from the hydration of cement clinker minerals. The
SAI method (Fig. 6a) and the RSI method (Fig. 6b) were applied to assess
the pozzolanic reactivity of UGWM and CGWM as potential OPC sub-
stitutes. According to ASTM C311 [75], the strength activity indices for
hardened cement pastes are calculated for OPC replacement levels of 20
wt% and the 75% minimum threshold according to ASTM C618 [76]
represents the minimal SAI requirement on calcined pozzolans after 28

days of curing age. As shown in Fig. 6a, the computed SAI of UG20 does
not fulfil the minimal requirement at 28 days of curing and indicates that
the incorporation of the UGWM powder rather contributes to a dilution
effect at higher OPC replacement levels which instead builds a physical
constraint for the clinker hydration reactions than an improvement due
to measurable pozzolanicity.

In comparison, the SAI of CG20 at 28 days of curing age surpasses the
minimal requirement by 13.1% and thereby confirms that the tested
pozzolan, namely CGWM powder, can be considered as SCM [39-41] as
it sufficiently contributes to the development of the required minimal
strengths in an OPC-based mixture. As the SAI method, according to
[76], is an indicative assessment method and does not evaluate the
optimal substitution degree, the indices are computed for all hardened
cement paste specimens at all curing ages. It can be observed that the
hardened pastes containing UGWM powders fulfil the minimal threshold
at later curing ages, as the development of additional calcium silicate
hydrate (C-S-H) products due to later pozzolanic reactions becomes
more significant.

The evaluation of the computed relative strength indices illustrated
in Fig. 6b confirms the previous statements from the comparative
analysis of the absolute compression strength values as well as the SAI
analysis. The assessment of the RSI verifies the positive contributions of
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Fig. 5. Evolution of the mechanical properties of hardened pastes of seven different paste mixtures, namely REF, UG10, UG20, UG30, CG10, CG20 and CG30 at 28
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UG10 and CG10 for all investigated curing ages, which suggest that for
OPC replacement level of 10 wt%, the physical filler effect of the GWM
powders is rather predominant than the chemical contributions to the
mechanical performances. Additionally, the negative contributions by
relative strength loss of UG20 and UG30 at 28 days of curing age are also
confirmed by the RSIs. Furthermore, positive relative strength gains up
to 56 days of curing age for the hardened cement pastes using higher
OPC substitution degrees of 20 wt% and 30 wt% by UGWM and CGWM
are observed.

Fig. 7 illustrates the evolution of compressive strength results of
hardened pastes of REF, UG20 and CG20 at 1, 3, 7, 28, 56 and 90 days
(cured in air), and the strength development of REF and CG20 at 7, 28,
56 and 90 days (cured in water). By comparison of the mechanical
performances of air-cured and water-cured specimens of the same
mixing proportions, it can be concluded that the investigated specimens
did not reveal any significant dissimilarities in terms of mechanical
strength due to applied curing conditions [77], except for CG20 at 90
days. A gain of 10% in compressive strength was observed for CG20_ W

compared to CG20 at 90 days, which can be explained by the continuous
hydration of belite (C2S) in water curing conditions at later ages [77],
leading to the formation of calcium hydroxide (CH), which undergoes
into a pozzolanic reaction with available CGWM to form additional
hydration products. Furthermore, for the paste mixture REF, a repre-
sentative decline in compressive strength was observed after 28 days of
curing age in both examined curing conditions. The exact reason for the
drop in strength is still unclear, but a possible explanation could be the
applied high w/b ratio leading to larger volumetric shrinkage strains
(drying shrinkage) in combination with proceeding carbonation re-
actions of the cement matrix with the presence of unreacted CH at
increasing curing age, leading to the deterioration of specimens (cracks).
This trend was not visible for all the blended cement paste mixtures
containing UGWM and CGWM at any substitution degree, as the excess
CH at later curing ages is consumed by the pozzolanic reaction with the
examined SCM.
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3.4. Fresh concrete properties, compressive strength, carbonation test and
SEM analysis of the investigated concrete mixtures

3.4.1. Properties of fresh concrete, the evolution of mechanical properties of
the hardened concrete specimens and depth of carbonation

As the following results present the performances of the first trials,
the use of superplasticizer was excluded (avoid segregation effects due
to inadequate dosage) by assuring a homogenous compaction of the
fresh concrete (vibration table) to understand the “real effects” of the
incorporation of GWM powders on the concrete mixes in the fresh and
hardened state. The results of the slump test are given in Table 5. From
the evaluation of these results, it is confirmed that higher GWM powder
content in the concrete mixes influences the fresh concrete properties as
a significant reduction of the workability of concrete was observed. The

major contribution to the reduction of the degree of workability with
higher GWM powder contents can be attributed to the fineness (higher
surface area [40,41]) of the aluminosilicate particles. Although overall,
homogenous compaction of the fresh concrete was possible by vibration,
these results are in agreement with the findings from the literature
[78-80] and suggest the usage of adequate dosage of superplasticisers to
improve the flowability of concretes incorporating higher portions of
SCMs (GWM powders) and, thereby, adapt the workability of the con-
cretes for various constructive applications.

The properties and the evolution of the compressive strengths of the
examined concrete mixtures after 28 days and 56 days are given in
Table 5 and illustrated in Fig. 8, and the findings confirm that the
incorporation of the different GWM powders influences the character-
istics and the compressive strength of the binary blended concrete
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Table 5
Measured parameters and results of the strength tests of the examined concrete mixtures.
Sample Slump p2s feyt,28 Afeylrer Ec28 Pse fey1,56 Afeylrer Ec;s6 Cdag Cdse
[mm] [kg/dm®] [MPa] [%] [GPa] [kg/dm®] [MPa] [%] [GPa] [mm] [mm]
C_REF 215.0 2.29 39.3 - 29.47 2.29 46.0 - 28.79 1.25 2.75
C_UG10 110.0 2.29 41.1 4.6% 29.45 2.29 46.5 1.21% 28.18 0.75 1.75
C_UG20 55.0 2.18 29.7 —24.5% 21.62 2.19 34.8 —24.31% 20.95 1.75 3.00
C_UG30 42.5 2.17 25.6 —34.8% 19.49 2.20 31.7 —31.05% 21.50 2.50 3.25
C_CG10 165.0 2.27 38.7 —-1.6% 26.91 2.26 44.6 —2.96% 26.95 0.50 1.75
C_CG20 60.5 2.25 38.8 —-1.3% 25.61 2.27 45.4 —1.30% 28.42 1.25 2.50
C_CG30 48.0 2.25 33.6 —14.5% 24.82 2.23 38.7 —15.92% 25.78 1.75 2.75
px — bulk density of concrete at X days of curing age
fey1,x - compressive strength of concrete cylinder after X days
E.x - elastic modulus of concrete at X days of curing age
Cdy - carbonation depth after X days
Afey rer - difference of compressive strength between two curing ages or compared to the reference mixture
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Fig. 8. Evolution of the compressive strength of the examined concrete mixtures, namely C_REF, C_UG10, C_UG20, C_UG30, C_CG10, C_CG20 and C_CG30 at 28 and

56 days of curing age.

mixes. For all the investigated concrete mixes, the compressive strength
increased with growing curing age, ranging from 25.6 MPa to 41.1 MPa
after 28 days up to from 31.7 MPa to 46.5 MPa after 56 days. Moreover,
longer water immersion of the concrete samples led to a steady increase
in compressive strength, confirming the hydraulic behaviour of the
binder pastes. The binary concrete mixes C_UG10, C_.CG10 and C_CG20
achieved the highest compressive strengths comparable to OPC concrete
at around 40 MPa after 28 days and around 46 MPa after 56 days. At all
examined curing ages, C_UG10 slightly exceeded the target compressive
strength of the reference mixture, mainly due to the better packing of the
constituents (filler effect) by the formation of a denser aggregate-
blended cement paste matrix. Furthermore, the incorporation of
higher portions of UGWM powders are revealed to have detrimental
effects on the mechanical properties of blended concretes as the low
reactivity of the UGWM powder hinders effectivity of pozzolanic reac-
tion with the free Portlandite and rather build a physical obstruction to
the hydration process (dilution effect). The development of elastic
modulus (E.) and the measured densities (p) of the different concrete
mixes reflect and comply with the evolution of their mechanical
strengths by producing lower values for concrete mixes with higher
UGWM powder contents and comparable values to the reference
mixture for C_UG10, C_CG10 and C_CG20.

The resulting mechanical parameters of the examined concrete mixes
confirm the findings from the strength assessments on the hardened
blended cement pastes and implicate that the incorporation of UGWM
powders at OPC replacement levels of 10 wt%, and CGWM powders at
OPC replacement levels of 10 wt% and 20 wt% in binary concrete mixes
can be considered as viable and competitive proportions for alternative
SCM-based concretes for various constructive applications without
compromising on the concrete’s mechanical performance.

The results of the measurement of the carbonation depths (Cd) of the

investigated concrete samples after 28 days and 56 days are presented in
Table 5. Fig. 9 shows the cross-sections of the investigated specimens
after application of the phenolphthalein indicator solution after 56 days.
The comparison of the carbonation depths of the concretes after 28 days
reveals that at early curing ages the overall measured level of carbon-
ation is very low (around 1 mm) as the hydration reactions are pro-
gressing and the interstices are being filled with hydration products to
increase the strength development further. However, C_UG10, C_CG10
and C_CG20 already express lower or equal carbonation depths than the
reference mixture C_REF. This positive enhancement can be explained
by finer pore structure (denser packing of binder particles and additional
hydration products) and the early pozzolanic reaction of available free
Ca(OH), with reactive CGWM powders. Whereas, for concretes with
higher GWM powder contents, greater rates and depths of carbonation
compared to the reference concrete C_REF were measured due to lower
reactivity of UGWM in combination with the predominant dilution ef-
fect (less OPC available in the mixture) at early curing ages. Beyond that,
at any examined time of exposure, the advancement of carbonation of
the binary blended concretes incorporating 10 wt% and 20 wt% of
CGWM were lower than in C_REF.

3.4.2. Microstructural analysis by SEM

A selection of micrographs of broken fractions of all the investigated
concrete mixtures are presented in Fig. 10, Fig. 11 and Fig. 12, which
were produced by SEM analysis with verification using elemental
analysis by EDS. Fig. 10 illustrates the microstructural features of the
reference concrete C_REF. In Fig. 10a, the development of a compact
microstructure of hardened cement paste with dense and homogenous
coverage of the quartz particles can be observed, whereas Fig. 10b
shows a well-formed framework of needle-like and amorphous C-S-H
mineral formations of the same concrete mixture. Fig. 11 depicts a
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Fig. 9. Carbonation depth test on cross-sections of C_REF, C_UG10, C_UG20, C_UG30, C_CG10, C_CG20 and C_CG30 after 56 days.
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Fig. 10. SEM micrographs of C_REF: a) quartz (Q) particles covered by compact hardened cement paste (x130); b) needle-like and amorphous calcium silicate

hydrate (C-S-H) phases (x5500).

compilation of micrographs showing the microscale morphology of the
concrete mixtures containing UGWM powders at varying OPC substi-
tution degrees. In Fig. 11a and Fig. 11b, a dense microstructure of
C_UG10, consisting of mainly calcium silicate hydrate phases without
any traces of unmixed or unreacted aluminosilicate particles, was
detected; additionally, at the interfacial transition zones between the
cement matrix and the aggregates, extensive developments of needle-
like, fibrillar and amorphous hydration products were localised, which
explain the enhanced performances compared to the control mixture by
an improved bond between the hydrous and amorphous cementitious
formations and the concrete aggregates. Fig. 11c, d and e show the
microstructural compositions of C_UG20, consisting of amorphous
compounds with semi-reacted Portlandite crystals (CH), large alumi-
nosilicate crystals covered by cementitious and pozzolanic hydration
products and dispersed areas of unmixed, semi-mixed and unreacted
aluminosilicate particles (UGWM) surrounded by amorphous cementi-
tious formations, which suggests that some unreacted CH could not be
bound by the low-reactive aluminosilicate particles of UGWM to form
additional pozzolanic hydration products and thereby explain the
decline of mechanical performance of concrete mixtures with higher
UGWM proportions. The microstructure of C_UG30 (Fig. 11f) reflects
and explains the detrimental effect of higher UGWM contents in con-
crete mixtures on the resulting mechanical performances as larger
entrapped air voids and micropores, as well as dispersed locations of
unmixed or unreacted GWM powders, were detected across the inves-
tigated samples. This development also suggests that higher content of
UGWM, resp. CGWM is not recommended to avoid larger proportions of

10

unmixed/semi-mixed aluminosilicate or cementitious agglomerates
(dilution effect). Fig. 12 presents the microstructure of broken fractions
of concrete specimens incorporating CGWM powders at varying OPC
replacement levels. Similar to C_UG10, the SEM micrograph of C_UG10
(Fig. 12a) depicts a densely interlocked amorphous microstructure with
no traceable semi-mixed or unreacted aluminosilicate particles. In
Fig. 12b and ¢, the formation of dense microstructural networks of
calcium silicate hydrates and calcium aluminosilicate hydrates covering
local quartz particles and the formation of needle-like and fibrillar C-S-H
phases, and pozzolanic hydration products are identified. Fig. 12d
shows a spot of densely packed unreacted and semi-mixed aluminosili-
cate agglomerates. The SEM analysis of the different samples confirms a
well-developed and dense microstructure of the examined binary
blended concretes with extensive formations of pozzolanic hydration
products and the cementitious hydration products.

4. Conclusions

The work presents the results of investigations performed on blended
cement pastes and concrete mixtures incorporating processed GWM
powders (originating from quarry waste sludge) as potential alternative
SCMs at varying OPC replacement levels from 10 wt% up to 30 wt%.
From the key findings of the different examinations, the following can be
drawn:

e The physicochemical characteristics and the mineralogy of the pro-
cessed raw material, CGWM powder, originating from quarry waste
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sludge, exhibits medium-reactive pozzolanic behaviour and can be
considered as an alternative SCM.

The assessment of the hydration heat release of the blended cement
pastes confirms that, at the early hydration stages, the incorporation
of CGWM powders exhibits minor to no significant physiochemical
effects and therefore does not actively contribute to the acceleration
of the early hydration reaction by acting as nucleation sites of the
cement matrices.

The drying shrinkage magnitudes of the blended cement pastes
containing CGWM powders as SCM are lower over the examined
period of 80 days compared to the control mixture REF. The
enhancement potential of the time-dependant properties of the
blended cement pastes results from the improved packing of the
constituents and the formation of additional pozzolanic hydration
products, which induced a reduction of about 4-8% of dry shrinkage
values compared to REF.

The GWM powders show a significant impact on the fresh concrete
properties of the blended concrete mixes by greater reduction of the
workability of the fresh compounds with increasing GWM powder
content and therefore suggest the usage of an appropriate super-
plasticiser to meet the flowability requirement on fresh concrete
depending on desired applications.

The assessment of the mechanical properties of the different concrete
mixes implicates that the contents of UGWM powders at OPC
replacement levels of 10 wt%, and CGWM powders at OPC
replacement levels of 10 wt% and 20 wt% in binary concrete mixes
can be considered as viable and competitive proportions for alter-
native SCM-based concretes.

x100
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Fig. 11. SEM micrographs of C_UG10, C_UG20 and
C_UG30. a) Hardened amorphous blended paste with
dense coverage of quartz particles (x80); b) Transi-
tion zone between large quartz grain and calcium
silicate hydrate (C-S-H) phases (x3000); ¢) Amor-
phous compound with semi-reacted Portlandite (CH)
(x50); d) Large aluminosilicate mineral covered by
compact compound consisting of cementitious and
pozzolanic hydration products (x270); e) unmixed,
semi-mixed and aluminosilicate particles (UGWM)
were discovered surrounded by fibrillar C-S-H phases
(x1200); f) irregular hardened blended cement paste
with distributed large air voids (x100).
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e For the examined time until 56 days of curing age, greater progress of
carbonation was recorded for binary blended concrete using higher
OPC substitution degrees by UGWM powders, whereas the
advancement of carbonation of the binary blended concretes incor-
porating 10 wt% and 20 wt% of CGWM powders were lower
compared to the reference concrete C_REF.

e The microstructural analysis of the different samples shows a firmly
adhered and dense microstructural compositions of the investigated
specimens, mainly consisting of extensive formations of co-existing
aluminosilicate-based pozzolanic hydration products and the
clinker-based hydration products.

The usage of CGWM powders in binary blended concretes can
contribute to cost-savings in the manufacture of constructive elements
(derived of unused quarry waste), the reduction of the environmental
impacts of the cement industry as well as the great potential to the
enhancement of the durability performances of the final concrete
products. Further studies are required to evaluate the challenges and
opportunities inherent in the GWM-based concrete products, namely the
transition to large-scale processes of the used treatment activity, the
improvement of the rheology, the investigations on the durability per-
formance against concrete degradation effects, and the economic and
environmental assessment of the proposed technology at industrial
scale.
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