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A B S T R A C T   

The performance of ternary binders using lime, metakaolin (MK) and gravel wash mud (GWM) powders is 
studied for the development of novel lime-pozzolan pastes. This study examines the influence of varying mixture 
proportions using different types and compositions of lime powders and GWM at different treatment levels on the 
mechanical properties of lime-MK-GWM pastes. Various characterisation techniques including particle size 
distribution (PSD), X-ray fluorescence (XRF), X-ray diffraction (XRD), compressive strength tests, simultaneous 
thermal analysis (STA) and scanning electron microscopy (SEM), were applied on the different raw materials, 
respectively, on the hardened pastes to determine the reaction kinetics, the resulting microstructure and the 
mechanical performances of the lime-MK-GWM binder systems. Higher strength-enhancing contributions of 
thermally treated GWM powders (calcined at 850 ◦C) leading to compressive strengths up to 18 MPa were 
confirmed and the strength-based evaluations revealed that hydrated lime-based pastes achieved higher me-
chanical performances than hydraulic lime-based binder systems.   

1. Introduction 

Combating climate change has undoubtedly become one of the major 
global priority concerns and its success crucially depends on the 
reduction of CO2 emissions related to the cement industry, more pre-
cisely the cement clinker production [1–4]. In modern cement kilns, the 
production of 1 tonne of cement clinker generates around 800–840 kg 
gross CO2 emissions [1,5], out of which about two third of the CO2 
emissions are released during the calcination reaction (decarbonation of 
calcium carbonate CaCO3 into lime CaO and CO2) and one third results 
from the combustion process itself [3,4]. Moreover, for further reduction 
of the overall carbon footprint of ordinary Portland cement (OPC), it is 
current practice for cement manufacturers to complement the Portland 
clinker by various cementitious products as partial clinker replacement 
materials or as additions, which are mainly reactive alumina-siliceous 
industrial co-products and are deemed to be low carbon in compliance 
with the cement standards [6]. In recent decades, extensive research was 
carried out to develop environmental friendly and sustainable binder 
technologies allowing to reduce the usage of cement clinker by using 
industrial by-products or waste materials, instead of already established 
and commercially available cement additions like fly ash (FA), ground 
granulated blast furnace slag (GGBS) and silica fume (SF) [7–12]. 
Especially in Europe, with the decline of the primary industrial activities 
in coal power stations, the steel industry and the ferro-alloy and silicon 

production, the availability of these resources has gradually dried up 
and remaining activities are no longer found sufficiently close to the 
cement production sites. 

Most of the research studies investigate on supplementary cementi-
tious materials (SCMs) and on how the clinker contents in Portland 
cement can be reduced without loss in workability, performance and 
durability. In particular, investigations on alternative SCMs using 
naturally occurring raw clays mixes and waste clay products have risen 
worldwide [13–19]. Among recently investigated aluminosilicate ma-
terials figure the gravel wash mud (GWM) powders [14] and the sewage 
sludge ashes [19], which originally are waste products of industrial 
activities (sandstone quarry and sludge incineration plants). Their 
strength-enhancing potentials as promising alternative SCM in 
cement-based pastes, respectively in lime-pozzolan systems, were 
confirmed. 

Furthermore, recent trends promote research on lime-based binder 
concepts without Portland cement clinker to develop mortars and con-
crete products using alternative cementitious materials like ground 
granulated blast-furnace slag, pulverised fuel ash, calcined clays, silica 
fume, rice husk ash, and brick dusts [11,20–22]. From a historical 
aspect, lime-pozzolan binders are the predecessor binder systems of 
Portland cement clinker and lime-pozzolan plasters have gained greater 
interest as valuable alternatives to OPC-based mortars for the restora-
tion of historical buildings due to their better compatibility with historic 
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lime-based building structures [23–28]. However, the increasing polit-
ical and societal awareness on reducing the immediate impacts of 
climate change have imposed operational restrictions on intense 
CO2-emitting industrial sectors like the cement industry. Therefore, in 
the recent years, the investigations on lime-pozzolan binders have 
significantly risen up [19,25,29–36]. In general, the hardening mecha-
nism of pure lime binders is mainly driven by carbonation reaction, a 
slow reaction process where calcium hydroxide reacts with atmospheric 
CO2 to form calcium carbonates [37,38]. However, in the presence of 
reactive, aluminosilicate-rich pozzolanic materials, the hydration reac-
tion is favoured with formation of hydraulic components. The reaction 
mechanisms of binary lime-metakaolin binders systems were investi-
gated in Ref. [21–23,32,35] and they confirmed that the main initial 
phases formed are (cementitious) hydraulic products like calcium sili-
cate hydrates (CSH), calcium aluminate silicate hydrates (CAH) and 
calcium aluminate silicate hydrates (CASH) resulting from the pozzo-
lanic reaction between the calcium hydroxide-rich limes and the poz-
zolans. The compositional variety, the stability and the durability of 
these compounds depends on the amorphous phases in the 
alumina-siliceous materials, which strongly influence its pozzolanicity 
as well as the resulting mechanical performances [11]. Mechanical 
performances up to 28 MPa were reported in Ref. [25,36] for binary 
lime-silica fume pastes, ternary lime-silica fume-GGBS pastes and 
lime-fly ash-ceramic waste pastes; as well as compressive strength 
around 14 MPa for lime-MK pastes in combination with other pozzolanic 
additions. Furthermore, valuable research has been made into under-
standing the long-term characteristics of the corresponding lime-MK 
pastes [31,39]. Both studies concluded that with increasing curing 
age, the stability of the formed hydraulic compounds depends on the 
optimal MK content in correlation with consumable calcium hydroxide 
content to restrict the early carbonation reaction and promote later 
carbonate hardening. 

However, most of the works focus mainly on the reaction kinetics of 
lime-MK systems for heritage restoration purposes, therefore, little is 
known about the impacts on the reaction mechanisms, the mechanical 
performances, the durability, the optimal composition (hydraulic or 
hydrated lime) and the performance-enhancing characteristics of lime- 
MK binders using alternative SCMs [19,34,40]. 

This paper focuses its investigations on the strength-enhancing 
pozzolanic character of gravel wash mud (GWM) as SCM in ternary 
lime-MK-GWM binder systems. GWM, a quarry waste product, was 
incorporated in lime-MK pastes using varying raw material composi-
tions and different mix designs. The primary aim is to determine the 
optimal prime material compositions and to investigate towards optimal 
mix proportions by conducting a selected set of physiochemical and 
mineralogical characterisation analyses and performance-based experi-
mental assessments on the lime-MK-GWM products. Large series of lime- 
MK-GWM pastes were prepared including GWM in three different states 
of matter (pure, uncalcined and calcined at 850 ◦C [13,14]), hydraulic 
lime, three different hydrated limes, MK and fine dolomitic sand. The 
physiochemical and mineralogical characterisations of selected raw 
materials were determined using laser diffraction granulometry, the 
X-ray fluorescence (XRF) analysis, the quantitative X-ray diffraction 
(XRD) analysis and the simultaneous thermal analysis (STA). The actual 
potential of ternary lime-MK-GWM pastes was drawn out based on the 
evaluation of hardened samples using mechanical strength tests com-
bined with thermal analysis and scanning electron microscopy. 

2. Materials and experimental program 

2.1. Materials and material preparations 

Three different hydrated limes, HL1 (ρHL1 = 0.55 g/cm3) from Lhoist 
(Istein, Germany), HL2 (ρHL2 = 0.52 g/cm3) and HL3 (ρHL3 = 0.41 g/ 
cm3) from Carmeuse S.A. (Belgium), were selected for this study to 
investigate the required characteristics of hydrated limes for optimal 

use. HL1 and HL3 are classified as calcium limes CL90-S (CaO + MgO 
content ≥ 90 wt%; S stands for powder) and HL2 as CL80-S (CaO + MgO 
content ≥ 80 wt%; S stands for powder), according to EN 459–1:2010 
[41]. For the comparative trial test, a natural hydraulic lime (NHL, ρNHL 
= 0.65 g/cm3) from Chaux et enduits de Saint-Astier (France), classified 
as natural hydraulic lime NHL 3.5 (Ca(OH)2 content ≥ 25 wt%, 28-day 
compressive strength ≥ 3.5 MPa to ≤ 10 MPa) according to Ref. [41] 
was used. 

The used metakaolin (MK, ρMK = 0.87 g/cm3) is produced by Argeco 
Développement (France) according to NF P18-513 [42] by milling and 
calcining the raw kaolinite using the flash calcination method. In 
addition, a fine dolomitic sand (DS, ρDS = 1.71 g/cm3) from Carrières 
Feidt S.A. (Luxembourg) was used as fine aggregate. 

Pure gravel wash mud (PGWM) was sampled from a decantation 
basin from a local sandstone quarry operated by Carrières Feidt S.A. 
(Luxembourg). The wet GWM has a water content of around 32 wt% 
(with use of a flocculation reagent) [13]. After removal of the absorbed 
water and moisture by drying the sludge at 105 ◦C in a laboratory drying 
chamber for two days, the dried GWM was fragmented and ground into a 
fine powder, denominated as uncalcined GWM (UGWM, ρUGWM = 0.75 
g/cm3) powder. The calcination of the UGWM powder into a more 
reactive, amorphous raw material, henceforth referred to as calcined 
GWM (CGWM, ρCGWM = 0.73 g/cm3) powder, was performed in a lab-
oratory chamber furnace with radiation heating by burning the fine 
powders from room temperature up to 850 ◦C (heating rate of 5 ◦C/min) 
[14]. After application of the peak temperature for 1 h, the CGWM 
powder is let to cool down naturally inside the chamber furnace. 

This study examines the suitability of the proposed MK-lime-GWM 
pastes as a potential alternative to OPC-based products for construc-
tive applications. Prior to the investigated mixtures, preliminary 
strength-based evaluations were carried out to restrict the study range of 
the examined mixture proportions. Within this work, over 250 speci-
mens were prepared based on varying mixing proportions of different 
types and compositions of lime powders (NHL, HL1, HL2 and HL3), 
GWM in different forms and treatment levels (PGWM, UGWM and 
CGWM), commercial Metakaolin (MK) and dolomitic sand (DS) as fine 
aggregate. The initial focus was on the selection of the adequate raw 
materials (types of lime and GWM) with the objective to restrict the 
range of examined mixture proportions towards optimum and the 
evaluation of the reaction mechanisms to achieve best possible perfor-
mances of the investigated binder concepts. 

2.2. Paste compositions, mix proportion design and curing conditions 

The mix design (Table 1) comprises three series of mixtures, which 
were adapted and prepared consecutively based on the findings of the 
respective preceding series. Three specimens of each mixture were 
prepared for each investigated curing age. The first series of mixtures 
(S1; curing ages of 7, 14, 28 days) consists of pastes based on pure, 
untreated GWM (PGWM), MK, and DS with two types of limes, namely 
natural hydraulic lime (NHL) or hydrated calcium lime (HL1). This 
primary set of mixtures examines the potential of binders using pure 
GWM as a potential raw material before any treatment procedures of 
this raw product are adopted which would lead to modifications of the 
mineralogy and the microstructure. In addition, a reliable statement on 
the choice of lime type (hydraulic or hydrated lime) as well as the range 
of acceptable mixture proportions was developed. Including additional 
mixture adjustments by taking into account the findings of the first se-
ries, the second series of mixtures (S2; curing ages of 7, 14, 28 and 90 
days) examines pastes based on PGWM, MK and DS with three different 
hydrated limes HL1, HL2 and HL3, to evaluate the optimal physi-
ochemical characteristics and compositions of hydrated limes using 
strength-based performance criteria. Based on the results of the second 
series of mixtures, the third and largest series of mixtures (S3; curing 
ages of 7, 28, 56 and 90 days) consists of pastes based on HL2, MK, DS 
and processed GWM powder (UGWM or CGWM), and a control lime-MK 
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paste mixture without GWM content (REF). These series lead to the re-
ported maximum performances of the proposed binder concepts with 
adapted mix design proportions. The water/binder (w/b) ratio was 
adjusted from one series to another from 0.3 to 0.5 and the aggregate/ 
binder (ag/b) ratio was kept constant at 0.7. 

The mixing procedure was the same for all the series of mixtures: the 
amounts of binder components, namely GWM, MK, and lime, were dry- 
mixed at a mixing speed of 125 rpm for 15s. While maintaining the same 
mixing speed, half of the water is gradually added and let to mix for 
another 180s. Subsequently, the amount of DS is added with the 
remaining water and the compound is mixed for 90 s at 125 rpm and 
finally 90 s at 250 rpm. The fresh mixture pastes were cast in prismatic 
moulds (40 × 40 × 160 mm3) and compacted for 15 s on a vibrating 
table. After casting, the moulds were covered with plastic plates of 5 mm 
thickness to prevent rapid desiccation. After hardening time of 24 h, the 
specimens were demoulded, wrapped in cellophane foil to restrict 
moisture exchange with the surroundings and cured at ambient tem-
perature until 24 h before the uniaxial compression tests according to EN 
196–1 [43]. 

2.3. Experimental methods 

The particle size distributions of NHL, HL1, HL2, HL3, UGWM, 
CGWM, DS and MK powders were determined by the laser diffraction 
technique using a particle size analyser (HELOS-RODOS-VIBRI from 

Sympatec GmbH, Germany). The chemical composition of the powder 
samples was determined by X-ray fluorescence method using a wave-
length dispersive X-ray fluorescence spectrometer (S8 TIGER from 
Bruker AXS GmbH, Germany). 

A powder X-ray diffractometer (D4 ENDEAVOR from Bruker AXS 
GmbH) using Cu Kα radiation was used to determine the mineralogy of 
the powders by quantitative X-ray diffraction analysis, following the 
Rietveld refinement principles. The characteristic d-spacings and 
diffraction peak intensities corresponding to specific crystalline phases, 
available in the powder samples, were detected using the XRD software 
DIFFRAC.EVA (Bruker AXS GmbH, Germany). The XRD patterns were 
processed using the software TOPAS (Bruker Corporation) using the 
fundamental parameter approach for line profile fitting [44]. Moreover, 
the crystalline phases were described using appropriate structural data 
from ICSD database [14,45,46] before refinement of the diffractograms 
using the Rietveld method [47,48]. The amorphous contents were 
computed using quartz at 35% as an internal reference as described in 
Ref. [14,46]. 

The thermo-analytical technique applied on the hardened binder 
pastes was the simultaneous thermal analysis (STA), which merges the 
techniques to monitor the heat flow change (differential scanning 
calorimetry, DSC) and the mass change (thermogravimetric analysis, 
TGA) of a sample as a function of temperature. 

The compressive strength of each mixture was measured on three 
replicate specimens for each curing age. The strength assessment was 
carried out using a compression test plant (TONICOMP III, Toni Technik 
GmbH, Germany), conform to the standard DIN EN 196–1 [43], with 
additional displacement transducers. 

The microstructural composition of the hardened specimens were 
examined by scanning electron microscopy (SEM) using a “LEO 440 
REM” unit (Carl Zeiss SMT AG, Germany). The examined samples were 
small fractions from the compressed specimens, which were prepared 
for the SEM analysis by applying a functional gold coating on the non- 
conductive. 

3. Results and discussions 

3.1. Physicochemical properties of the primary materials 

Table 2 shows the chemical analysis of the used primary materials for 
the paste compositions. The different types of hydrated limes (HL1, HL2 
and HL3) confirm a major CaO content, mainly resulting from the por-
tlandite minerals. The natural hydraulic lime (NHL) shows a slightly 
lower CaO content and a medium silica (SiO2) content, resulting from 
the presence of argillaceous components during the firing process to 
produce calcium silicate compounds. The GWM powders (UGWM and 
CGWM) and the Metakaolin (MK) can be categorised as aluminosilicate- 
rich materials with high silica (SiO2) and medium alumina (Al2O3) 
contents [13,14]. However, UGWM and CGWM show a slightly lower 
alumina (Al2O3) content, but higher ferrite (Fe2O3) content than MK, 
which explains the comparatively darker brownish-red colour of the 
GWM powders. The dolomitic sand (DS) shows high CaO, medium SiO2 
and MgO contents, which can be assigned to the high presence of 
calcium-magnesium carbonate phases (dolomite). 

The particle size distributions of the used materials are displayed in 
Fig. 1. The different primary materials show a very fine PSD ranging 
from a fine clay particle size (<2 μm) up to a coarse silt grain size (<60 
μm). Among the investigated materials, the three hydrated limes show 
the finest grain size range (d10-d90) from 0.7 to 5.5 μm with respective 
mean particle sizes (d50) and high specific surface areas of 2.23 μm and 
1169.9 m2/kg for HL1, 1.41 μm and 1597.2 m2/kg for HL2, and 
respectively,1.45 μm and 1554.3 m2/kg for HL3. In comparison, NHL 
presents a higher average particle size of 7.54 μm and a lower specific 
surface area of 628.3 m2/kg. The UGWM and CGWM powders follow 
very similar PSD with d50 of 7.36 μm resp. 8.36 μm and specific surface 
areas of 522.5 m2/kg resp. 479.9 m2/kg. CGWM is slightly coarser than 

Table 1 
Mix proportions of studied mix series.  

Series 1 (S1) Mix proportions by mass 

NHL HL1 MK PGWM w/ba ag/bb 

[− ] [− ] [− ] [− ] [− ] [− ] 

PGA_NHL 1.00 – 2.00 1.00 0.30 0.70 
PGB_NHL 1.00 – 1.66 1.25 0.30 0.70 
PGC_NHL 1.00 – 0.70 1.40 0.30 0.70 
PGA_HL1 – 1.00 2.00 1.00 0.30 0.70 
PGB_HL1 – 1.00 1.66 1.25 0.30 0.70 
PGC_HL1 – 1.00 0.70 1.40 0.30 0.70  

Series 2 (S2) Mix proportions by mass 

HL1 HL2 HL3 MK PGWM w/ba ag/bb  

[− ] [− ] [− ] [− ] [− ] [− ] [− ]  

PG_HL1 1.00 – – 1.33 1.00 0.45 0.70  
PG_HL2 – 1.00 – 1.33 1.00 0.45 0.70  
PG_HL3 – – 1.00 1.33 1.00 0.45 0.70   

Series 3 (S3) Mix proportions by mass 

HL2 MK UGWM CGWM w/ba ag/bb 

[− ] [− ] [− ] [− ] [− ] [− ] 

REF 1.00 1.33 – – 0.50 0.70 
UG_1:1:1 1.00 1.00 1.00 – 0.50 0.70 
UG_1:1:1.33 1.00 1.00 1.33 – 0.50 0.70 
UG_1:1:1.66 1.00 1.00 1.66 – 0.50 0.70 
UG_1:1.33:1 1.00 1.33 1.00 – 0.50 0.70 
UG_1:1.33:1.33 1.00 1.33 1.33 – 0.50 0.70 
UG_1:1.33:1.66 1.00 1.33 1.66 – 0.50 0.70 
UG_1:1.66:1 1.00 1.66 1.00 – 0.50 0.70 
UG_1:1.66:1.33 1.00 1.66 1.33 – 0.50 0.70 
UG_1:1.66:1.66 1.00 1.66 1.66 – 0.50 0.70 
CG_1:1:1 1.00 1.00 – 1.00 0.50 0.70 
CG_1:1:1.33 1.00 1.00 – 1.33 0.50 0.70 
CG_1:1:1.66 1.00 1.00 – 1.66 0.50 0.70 
CG_1:1.33:1 1.00 1.33 – 1.00 0.50 0.70 
CG_1:1.33:1.33 1.00 1.33 – 1.33 0.50 0.70 
CG_1:1.33:1.66 1.00 1.33 – 1.66 0.50 0.70 
CG_1:1.66:1 1.00 1.66 – 1.00 0.50 0.70 
CG_1:1.66:1.33 1.00 1.66 – 1.33 0.50 0.70 
CG_1:1.66:1.66 1.00 1.66 – 1.66 0.50 0.70  

a w/b: water/binder ratio, binder equal to mass of lime, MK and GWM. 
b ag/b: binder/aggregate ratio; ag: dolomitic sand (DS). 
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UGWM due to clumping effect of the clay particles from the compaction 
of the minerals when exposed to high temperatures (850 ◦C). MK and DS 
show comparatively coarser grain size distributions with average par-
ticle sizes of 22.15 μm resp. 24.49 μm and specific surface 308.6.9 m2/kg 
resp. 479.9 m2/kg. The different raw materials cover a wide range of 
particle size distributions, which suggests a compact packing density of 
the mixes between the different constituents of the lime-MK-GWM 
pastes [49–51]. 

3.2. Mineralogy and thermal analysis of the primary materials 

XRD patterns of the UGWM and the CGWM are presented in Fig. 2. 
The GWM powders indicate a strong reflection of quartz, medium peak 
intensities of muscovite, illite and kaolinite, and poor diffraction peaks 
of hematite. Traces of the phase shifts of kaolinite to XRD amorphous 
phases can be observed in the X-ray diffraction pattern of the UGWM and 

CGWM powders [13,14]. The quantitative XRD analysis of all the 
investigated materials is summarized in Table 3. The quantitative 
mineralogical evaluation, following the method described in Refs. [14, 
52], confirms for the GWM powders the high presence of amorphous 
components and the major crystalline phase as quartz, followed by 
muscovite, illite and kaolinite as medium phases and hematite respec-
tively KAl3Si3O11 as minor phases. Further comparison reveals the 
positive impact of thermal treatment (calcination) on the GWM pow-
ders, as a clear rise of the amorphous content results from the transition 
of kaolinite to XRD amorphous phases. In addition, a slight decrease in 
illite content and a phase transition of muscovite phases into KAl3Si3O11 
can be observed. Comparatively, the used metakaolin (MK) is majorly 
XRD amorphous with some content of quartz, which explains the high 
pozzolanicity of the commercial product. The hydrated lime powders 
HL1-HL3 consist primarily of portlandite (calcium hydroxide) and 
thereby also confirm the findings of the chemical analysis. The low 

Table 2 
Chemical composition of applied materials: HL1, HL2, HL3, UGWM, CGWM (calcined at 850 ◦C), DS and MK powders.  

Sample Chemical composition 

SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O TiO2 MnO 

[− ] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] 

HL1 0.57 0.50 0.28 96.86 0.95 0.26 0.17 – – – 
HL2 0.14 0.14 0.07 98.62 0.50 0.11 0.15 – – – 
HL3 – – 0.07 98.78 0.53 0.10 – – – – 
NHL 18.35 2.13 0.86 75.63 1.54 0.68 0.11 0.39 0.10 0.02 
UGWM 64.97 19.50 9.35 0.41 1.66 0.09 0.24 2.72 0.85 0.06 
CGWM 64.01 20.26 8.90 0.41 1.81 – 0.24 3.25 0.90 0.08 
DS 22.54 4.79 5.16 49.25 13.91 0.18 – 2.54 0.57 0.20 
MK 69.37 32.01 2.74 0.99 – – – 0.31 1.41 –  

Fig. 1. Particle size distribution and physiochemical characteristics of applied materials: HL1, HL2, HL3, UGWM, CGWM (calcined at 850 ◦C), DS and MK powders.  
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calcite amounts can be explained either as remainders from the original 
limestone (CaCO3) or as a result of carbonation of hydrated lime [53]. 
The main mineralogical phases observed for NHL were high contents of 
portlandite and calcite (CaCO3), and medium contents of alite (C3S) and 
belite (C2S). 

3.3. Compressive strength tests of hardened specimens 

3.3.1. Natural hydraulic lime vs hydrated lime 
Fig. 3 presents the results of the compressive strength test performed 

on the hardened prismatic specimens of the first series (S1) at 7, 14 and 
28 days. The gradual gain in compressive strength for each mixing 
proportion over the investigated curing age validates the assumption 
that a strengthening structure is developed and thus the potential of 
lime-MK pastes using untreated, pure GWM as alternatives to cement- 

based products for construction applications. Overall, the mechanical 
strengths of the hardened pastes containing hydrated lime were higher 
than the strengths achieved by the mixtures containing natural hy-
draulic lime for all mixtures and curing ages, except for PGC_NHL at 7 
days. The highest 28-day compressive strength of 13.3 MPa was ach-
ieved by hardened pastes containing hydrated lime, namely PGB_HL1, 
whereas the highest mechanical strength for hardened pastes containing 
natural hydraulic lime was reached by PGC_HL3 with 9.8 MPa. 

Furthermore, for the hardened pastes containing hydraulic lime, on 
average around 70% of the 28-day compressive strength was already 
reached at 7 days of curing age due to predominant hydration reaction 
of hydraulic lime with formation of stable calcium silicate hydrate (CSH) 
phases over the first days [25,33]. The progressive development of 
additional CSH phases from pozzolanic reaction could not be traceably 
observed, mainly due to the lower availability of free calcium hydroxide 

Fig. 2. X-ray diffractogram of UGWM and CGWM: ▾ - Quartz, ■ - Muscovite, ● - Illite, ○ - Kaolinite, ◆ - Hematite, □ - KAl3Si3O11.  

Table 3 
Mineralogical composition of NHL, HL1-3, DS, MK, UGWM and CGWM powders.  

Sample Mineralogical composition [%] 

Quartza Muscovite Illite Kaolinite Hematite KAl3Si3O11 Amorph 

UGWM 35.0 15.3 10.9 11.9 1.0 1.3 24.5 
CGWM 35.0 8.4 12.8 0.5 2.2 7.0 34.1  

Portlandite Calcite Dolomite Mica Quartz Amorph  
HL1 92.5 7.5 – – – –  
HL2 98.9 1.1 – – – –  
HL3 99.2 0.8 – – – –  
DS – 0.5 72.4 10.4 16.7 –  
MK – – – – 31.2 68.8    

C3S C2S C3A C4AF Calcite Portlandite Anhydrite Peri.b Quartz D.b Amorph 
NHL 12.2 17.9 2.8 2.8 28.1 29.8 0.1 0.4 2.6 0.4 2.9  

a Quartz content fixed as standard. 
b Peri. – Periclase and D. - Dolomite. 
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in the binder system in opposition to the presence of high reactive MK 
and low reactive PGWM. In comparison, for the mixtures containing 
hydrated lime only about 55% of the 28-day compressive strength was 
achieved over the same time period (7 days). The hardening process of 
the hydrated lime-based pastes consists primarily of the formation of 
solid calcium silicate hydrates which are formed from the pozzolanic 
reaction between calcium hydroxide and the reactive aluminosilicate 
minerals in the first hours and days [54]. Simultaneously, an additional 
increase in strength is considered due to the development of further 
reaction products from carbonation reaction with increasing hardening 
ages [30,53]. However, the strength-enhancing properties of pure GWM 
could not be identified, mainly due to its incorporation in the mixtures in 
its very low-reactive and untreated raw state. 

The strength evolution of the hardened pastes of S1 validates the 
continuous hardening reactions of lime-MK pastes using pure GWM until 
28 days of curing and the higher mechanical performances of mixtures 

using hydrated lime instead of hydraulic lime. 

3.3.2. Variation of the composition of hydrated lime 
The compressive strength results at 7, 14, 28 and 90 days of the 

hardened lime-MK pastes containing PGWM and different hydrated 
limes (HL1, HL2 and HL3) with the same mixing proportion are pre-
sented in Fig. 4. As expected, the hardened pastes of the second series 
(S2) show very similar profile of strength gain with a gradual growth in 
compressive strength with increasing curing age. The strength evolution 
of HL2 and HL3 are almost identical, whereas HL1 shows a slightly lower 
strength development over the same period of time. All hardened pastes 
achieve compressive strengths slightly above 10 MPa at 28 days; how-
ever, at 90 days of curing age, the hardened pastes containing HL2 and 
HL3 reach highest mechanical strengths of 13.4 MPa, respectively, 13.3 
MPa, whereas hardened pastes containing HL1 achieve maximal 
compressive strength of 11.5 MPa. One explanation could be the lower 

Fig. 3. Development of the mechanical properties of hardened pastes from three different mixtures containing PGWM, MK, DS, and NHL or HL1.  

Fig. 4. Development of the mechanical properties of hardened pastes containing PGWM, MK, DS, and HL1, HL2 or HL3.  
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free calcium hydroxide content in HL1 as presented in Tables 2 and 3, 
leading to lower compressive strength gains from advancing pozzolanic 
reactions and carbonation to later curing ages. The strength evolution of 
the hardened pastes of S2 confirms the potential of hardened lime-MK 
pastes using pure GWM and hydrated lime to achieve promising me-
chanical performances from hydration, pozzolanic and carbonation re-
actions. Nonetheless, no clear influence of the addition of pure GWM on 
the reaction kinetics of the pastes and the resulting performances could 
be deducted. Therefore, the third series of mixtures was prepared and 
examined to assess the influence of incorporating uncalcined and 
calcined GWM powders on the performance of lime-MK binders. 

3.3.3. Varying mixture design and use of UGWM and CGWM 
Fig. 5 and Fig. 6 present the compressive strength results at curing 

ages of 7, 28, 56 and 90 days performed on the hardened pastes of the 
third series of mixtures. Fig. 5 shows the compressive strength values of 
hardened pastes containing uncalcined GWM (UGWM) powders and 
Fig. 6 illustrates the mechanical strength values of the hardened pastes 
of the same mixing proportions containing calcined GWM (CGWM). The 
control specimen without GWM content (REF) reaches the highest 7-day 
compressive strength of 8.3 MPa among all the investigated mixtures, 
resulting from the early formation of calcium silicate hydrate phases 
from the pozzolanic reactions between the high reactive MK and the free 
calcium hydroxide. At curing ages up to 56 days, REF gradually in-
creases in strength until a clear drop of the mechanical performance can 
be observed at 90 days. All tested specimens, except REF at 90 days and 
CG_1:1.33:1 at 56 days, show an increasing profile of compressive 
strengths with increasing curing age up to 90 days. After 56 days of 
curing, the observed decrease in compressive strength of REF could be 
explained by the high lime content in the reference paste, leading to 
further carbonation of Ca(OH)2 [31] and CSH phases (instability of the 
formed calcium silica hydrates) [55–57] as well as due to drying 
shrinkage (micro-cracking) and carbonation shrinkage induced strength 
losses [58,59]. Following the evolution of strength, the early reaction 
products are predominately resulting from the formation of calcium 
silicate hydrates from pozzolanic reactions of the active phases of the 
amorphous aluminosilicate precursors with the initial free calcium hy-
droxide. Due to the presence of the reactive pozzolan and the dominance 
of the pozzolanic reactions in the wet conditions at early curing ages, the 

carbonation reaction occurs from 28 days onwards. Furthermore, the 
carbonation of the remaining free lime drove forward further strength 
development and simultaneously additional networks of pozzolanic 
hydrates slowly formed above 28 days of curing age [25]. 

As expected, similar to the use of PGWM, the incorporation of 
UGWM in the lime-MK mixtures (Fig. 5) did not show any clear 
improvement in the mechanical performances of the hardened pastes 
(maximal compressive strength of 13.8 MPa at 90 days by CG_1:1.33:1) 
compared to the reference mixture. The mechanical strength increased 
only slightly from 28 to 90 days for all hardened pastes. As concluded in 
the investigations carried out in Ref. [13,14], without additional ther-
mal processing (calcination), GWM powders show very low pozzola-
nicity and therefore, the addition of UGWM lead to a dilution effect on 
the available reactive aluminosilicate materials in the pastes, leading to 
a lower rate of early pozzolanic reactions of MK and free calcium 
hydroxide. 

Nonetheless, the incremental strength development pattern of all the 
lime-MK-UGWM pastes, compared to the already observed strength drop 
of the reference sample at 90 days of curing age, suggests that higher 
lime content (more unreacted calcium hydroxide) in the binder pro-
portions result in significant strength losses at longer curing ages [33]. 

As shown in Fig. 6, for the same mixing proportions, significantly 
higher compressive strength values were obtained by the lime-MK- 
CGWM pastes than by lime-MK-UGWM pastes at all curing ages. In 
contrast to the lime-MK-UGWM pastes, the incorporation of the CGWM 
powders did not hinder the pozzolanic activity of the aluminosilicate 
materials of the mixtures. The highest compressive strength of 18.8 MPa 
was achieved by CG_1:1.66:1 at 90 days of curing age compared to 13.8 
MPa by UG_1:1.66:1 (compressive strength gain of 36%). The phase 
transition of GWM into a stable and more amorphous meta-state after 
thermal treatment at 850 ◦C as well as the finer granulometry of the 
CGWM powder compared to the MK powder explain the strongly posi-
tive pozzolanic activity of MK-CGWM combination leading to the overall 
compressive strength improvements. Furthermore, the strength-based 
evaluations show that the improved mechanical performance is not 
directly related to the increasing MK content and/or CGWM content, but 
rather depends on the interrelated combinations of the ternary mixing 
proportions considering the lime:pozzolan ratio as well as the CGWM: 
MK ratio. The highest compressive strengths were observed for 

Fig. 5. Development of the mechanical properties of hardened pastes containing UGWM, HL2, MK and DS.  
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hardened lime-MK-CGWM pastes with lime:pozzolan ratios of 0.3–0.42 
and CGWM:MK ratios of 0.6–1.0. 

3.4. Phase composition of the hardened specimens by STA 

The evolution of the STA curves of the hardened specimen 
CG_1:1.66:1 is illustrated in Fig. 7. The mass loss and the heat flow 
variation of the sample is monitored from ambient temperature up to 
1000 ◦C. A total mass drop of 24.13% can be observed following the TGA 
curve over the investigated temperature range. Three separate mass 
reduction segments can be pointed out, each segment can be attributed 

to a specific nature change (mass change in combination with endo-
thermic and exothermic reactions) within the specimen: The first 
segment of gradual mass loss (− 3.16%) can be perceived at a temper-
ature of 250 ◦C. This reduction represents the evaporation of the bound 
waters of the formed calcium silicate hydrates as products from the 
pozzolanic reactions and the absorbed water of calcium hydroxide as 
well as the burning of organic and/or volatile components. The second 
mass loss range (− 1.55%) can be perceived from 250 ◦C to 550 ◦C due to 
decomposition of the AFm phases and calcium aluminate hydrate (CAH) 
phases, and the dehydroxylation of calcium hydroxide. The largest mass 
reduction from around 700 ◦C up to about 800 ◦C is mainly driven by the 

Fig. 6. Development of the mechanical properties of hardened pastes containing CGWM, HL2, MK and DS.  

Fig. 7. STA (TG-DSC) analysis of hardened specimen of CG_1:1.66:1.  
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decarbonation of calcite (CaCO3) in the hardened pastes until a constant 
mass state is reached. The corresponding DSC curve confirms the 
dehydration process of the different CSH products by the endothermic 
peak at about 230 ◦C, then the endothermic peak at 574.6 ◦C corre-
sponds to the phenomenon of quartz inversion (dolomitic sand) and the 
endothermic peaks observed between 740 ◦C and 790 ◦C can be attrib-
uted to the decarbonation of CaCO3. These peaks confirm the carbon-
ation reaction of free calcium hydroxide with CO2 from air, leading to 
the formation of calcium carbonate (CaCO3). Overall, the findings of the 
STA analysis are consistent with the results of the compressive strength 
test and confirm the formation of CSH phases (pozzolanic products) as 
well as the formation of CaCO3 (carbonation products) as the dominant 
chemical reaction mechanisms of lime-MK-CGWM pastes. 

3.5. Microstructural analysis 

Scanning electron microscopy (SEM) was carried out on fractured 
samples to examine the resulting microstructural configurations of 
selected pastes after 56 days of curing age. Fig. 8a presents the micro-
structure of a natural hydraulic lime-MK-PGWM paste (PCB_NHL), 
whereas Fig. 8b–e illustrate the SEM micrographs of PCB_HL1, a hy-
drated lime-MK paste with PGWM. Fig. 8a shows that medium quantities 
of reaction products were formed and a partially condensed micro-
structure was built with several visible cracks and micro gaps. In com-
parison, Fig. 8b depicts a much denser structure with significant amount 
of amorphous compound forming a compact bond between the reaction 
products and the quartz particles. As expected, these SEM observations 
are consistent with the results of the compressive strength evaluation. 
Fig. 8c confirms that the formation of a dense network of CSH phases as 
a result of a pozzolanic reaction between free lime and the 

Fig. 8. SEM micrographs of (a) PGB_NHL and (b)–(e) PGB_HL1 at curing age of 56 days.  
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aluminosilicate raw materials. In the SEM micrographs (Fig. 8d), 
amorphous cement-like compounds can be observed as well as traces of 
unreacted and reacted clay particles. Plate-like mineral formations 
indicate the presence of unreacted or semi-reacted metakaolinite. 
Moreover, some calcite crystals, resulting from the carbonation of lime, 
were observed, covered by the reaction products (Fig. 8e), which con-
firms the strengthening capacities of the lime-pozzolan binder matrix by 
carbonation. 

Overall, for the pastes using hydrated limes, a dense, homogenous 
microstructural composition between the aluminosilicate-rich com-
pounds (clay minerals) and the reaction products was observed. This 
compact bond indicates that strong reaction products from pozzolanic 
reaction between GWM-MK and the hydrated lime were successfully 
synthesised. The formed binder matrix seems to be slightly weaker than 
that of usual cement-based pastes [28,60,61]. However, very promising 
compressive strength results show the benefit of using hydrated lime in 
combination with GWM powders to improve the microstructural 
configuration of the binders. Finally, some unreacted aluminosilicate 
constituents were observed in almost every sample, which suggest that 
further optimization of the mixing proportions of the applied quantities 
of each components could significantly enhance the properties of the 
ternary lime-MK-GWM pastes. 

4. Conclusions 

In this work, an aluminosilicate-rich raw material, namely GWM 
powder, was incorporated in lime-based pastes to evaluate its strength- 
enhancing potential. Large varieties of lime-MK-GWM pastes with very 
promising mechanical properties were presented. From the presented 
results, considering the varying mixing proportions, the use of different 
types of lime powders, and GWM at different treatment levels, the 
following conclusions can be drawn from this study: 

• XRD data indicate the beneficial effect of thermal treatment (calci-
nation) on the mineralogy of GWM powders with a clear increase in 
amorphous content, resulting from the transition of kaolinite to 
metakaolin. The used metakaolin (MK) shows a very high amorphous 
content with a medium content of quartz. These findings indicate 
that both raw materials could exhibit medium to high pozzolanicity.  

• For both hydraulic and hydrated lime systems, acceptable strengths 
for constructive applications were developed over the investigated 
curing ages. Considering the achieved mechanical performances, the 
use of hydrated lime is recommended instead of natural hydraulic 
lime as more dense and strength-enhancing reaction products from 
pozzolanic reaction were formed at early curing ages.  

• The STA analysis as well as the SEM analysis of the microstructure 
confirm the presence of the CSH phases and calcite (CaCO3) as major 
reaction products.  

• The examination of over 250 hardened specimens with varying lime- 
MK-GWM proportions and different curing ages suggests that the 
only consideration of the 28-day compressive strength as it is the 
case for traditional cement-based products is not recommendable for 
the lime-pozzolan binder systems due to the involved slower 
pozzolanic reaction and carbonation reaction processes compared to 
the early hydration reaction.  

• The highest compressive strength of 18.8 MPa was achieved by 
CG_1:1.66:1 at 90 days and the strength-based evaluation presents 
the use of calcined GWM as a very effective pozzolan in the ternary 
lime-MK-GWM binder systems. The achieved performances suggest 
that this composite concept can be considered as a potential low-to 
medium-strength material for construction applications. 

Finally, the results of this study will contribute to further enrichment 
of investigations on waste materials as powerful SCMs as well as 
consequently promote their incorporation in lime-pozzolan binder sys-
tems. The establishment of calcined GWM as a competitive and 

alternative pozzolan requires further optimizations of the binder con-
cepts, the analysis of long-term behaviour of the binder systems, and 
durable solutions regarding its full scalability into industrial processes 
need to be developed. It is important to divert existing waste manage-
ment flows by stimulating optimization and innovation in the revalor-
isation of waste materials to limit the use of landfilling and to replace the 
“end-of-life” concept of industrial co-products by reusing or recycling 
them as raw materials. This will bring double benefit to environment as 
waste is eliminated from one system and later is used as a resource in 
another system. 
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