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Abstract:

This study investigates the effect of a non-expanding, kaolinite-rich clay on'the hydration
behaviour, microstructural development, and mechanical strength of recycled cement (RC),
with ordinary Portland cement (PC) used for comparison. The‘aim is to better understand
and support the use of RC as a more environmentally sustainable alternative for earth
stabilisation. Clay—cement pastes were produced by replacing 25 vol.% of cement with
kaolinite, using high water-to-cement ratios representative of earth-based construction
materials. Mixes containing inert quartz served as.references. Hydration kinetics, phase
assemblage, pore structure, and strength development were assessed by
thermogravimetric analysis, X-ray diffraction, nuclear magnetic resonance spectroscopy,
mercury intrusion porosimetry, nitrogen adsorption, scanning electron microscopy, and

mechanical testing.

Results showed that the non-expanding clay did not delay early hydration of either PC or
RC. In PC pastes, kaolinite slightly accelerated hydration, leading to a higher degree of
hydration and<slightly ‘more polymerized calcium silicate hydrate. In RC pastes, the
inherently high reactivity and large specific surface area of RC dominated the hydration
behaviour, reducing the relative influence of clay addition. No significant pozzolanic
reactivity of the clay was detected, with cement—clay interactions limited to minor surface
effects. Microstructural analysis indicated that RC pastes developed a finer pore structure
than PC pastes at the same w/c, while clay affected the microstructure primarily through
physical mechanisms. Overall, the findings demonstrate that non-expansive kaolinitic clay
does not adversely affect RC hydration or microstructure, supporting the use of RC as a

sustainable stabiliser in earth construction.
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1. Introduction

Clay minerals are naturally present in soils and are widely recognized as problematic in
construction due to their strong affinity for water and moisture-sensitive behaviour [1,2]. As
a result, chemical stabilisation is essential in earth construction to enhance the material’s
inherent low strength, cohesion, and water resistance, ensuring compliance with modern
performance requirements [3]. Among stabilisers, ordinary Portland cement (PC) remains
the most widely used due to its effectiveness in reducing the plasticity, swelling, and
compressibility of clayey earth, while significantly enhancing its strength and durability
[1,4,5]. Cement stabilisation primarily involves the mechanisms of ion exchange,
flocculation—agglomeration, and cementation [2]. Clay minerals are hydrated
aluminosilicates smaller than 2 ym, characterised by residual negative surface charges
resulting from the partial substitution of aluminium by iron.and/or magnesium within their
structure [1,6]. Depending on their structural configuration, clays vary from 1:1 type, such
as kaolinite, to 2:1 type, such as smectite, the latter exhibiting higher cation exchange
capacity (CEC), water absorption and swelling potential [7-9]. However, this behaviour
depends on the type of interlayer cations. For example, in 2:1 illite, tightly bound K* ions
restrict swelling and reduce d-spacing, resulting in behaviour similar to non-swelling 1:1
kaolinite [6]. When calcium-based stabilisers are mixed with clay, monovalent interlayer
cations are replaced by Ca?*, reducing interlayer spacing and increasing electrolyte
concentration. This induces flocculation and agglomeration, transforming the clay’s plate-
like structure from a flat-parallel to a random edge-to-face orientation. This rearrangement
decreases plasticity and contributes to early strength gain through weak interparticle
bonding [2,10]. Over time, cement hydration forms calcium silicate and aluminate hydrates
that bind clay particles, increase cohesion, and reduce porosity, thereby producing a

microstructure that is less susceptible to moisture-induced dimensional changes [1,10-12].

Although the overall cementation mechanism is well established, the influence of clay
minerals on cement hydration, microstructural development, and secondary reactions
remains insufficiently understood. It is suggested that clay minerals may interfere with
hydration by competing for water or by adsorbing Ca?* ions, thereby affecting setting and

reaction kinetics [1,6,13—15]. Experimental evidence appears contradictory. In some cases,



clay minerals are reported to delay setting and reduce strength due to cement grain
encapsulation and high water demand [16—-18], whereas other studies indicate accelerated
hydration attributed to nucleation effects and ion release from clay surfaces [7,19-21]. The
response appears highly dependent on clay type, exchangeable cations, replacement level,
and mixture design, leading to inconsistent conclusions. For example, Krayer et al. [7],
using ?°Si NMR, reported that kaolinite accelerated alite hydration and increased Q? species
formation. However, Lindgreen et al. [20] observed hydration acceleration with
montmorillonite, but not with kaolinite, in cement systems with 10% clay replacement. In
contrast, Mufoz et al. [21], based on XRD and SEM analyses, found accelerated hydration
with kaolinite and Ca-montmorillonite, whereas Na-montmorillonite showed a retarding

effect.

Secondary pozzolanic reactions in cement-clay systems: have also been proposed
[10,12,19,22]. Following clinker dissolution and the resulting increase in pH, the highly
alkaline environment may dissolve the amorphous silica and alumina in clay minerals and,
subsequently, react with calcium hydroxide toform additional C—S—H and C—A-H phases
[19,23]. Evidence of such reactions varies. While some studies report clay consumption
and formation of secondary hydrates [1,24], others found no clear evidence of significant
pozzolanic activity, consistent with the low reactivity of raw crystalline clays [7,25,26].
Consequently, the relevance of secondary reactions in cement—clay systems remain
debatable.

Clay minerals are generally considered detrimental to cement-based materials, and
standards impose strict limits on allowable clay contents [6,13]. This is primarily due to their
high-water absorption, weak mechanical properties, and poor bonding with aggregates
[15,19,25,27]. Nevertheless, reported effects on mechanical performance varies widely,
with both strength reductions and improvements documented depending on factors, such
as the clay type, dosage, dispersion conditions, and water-to-cement (w/c) ratio [24,25,28—
33]. In cement-stabilized earth materials, especially at high water contents, w/c ratio is a
dominant factor controlling strength development [4,25]. Because clays increase water
demand, comparisons using different w/c ratios can be misleading. Therefore, clay effects

should be assessed using cement—clay mixes with similar w/c ratios.

Beyond technical challenges, cement stabilisation raises sustainability concerns due to the
high environmental impact of PC [34]. This has driven interest in alternative low-clinker



binders and supplementary cementitious materials [35-37]. Among these, thermoactivated
recycled cement (RC), produced by heating at 600-800 °C the cement paste fraction
recovered from concrete waste, has emerged as a promising eco-efficient stabiliser [38,39].
Previous studies have demonstrated the high rehydration capacity of RC, which shows
comparable mechanical strength to CEM | 32.5 [39-42]. RC hydration involves similar
reaction stages to PC, but the primary anhydrous compound is a’n-C2S, which reacts faster
than belite, typically within 1-3 days [46]. Moreover, RC hydration results in a finer, dual-
porosity microstructure, composed of both intra- and inter-particle porosity, linked to the
porous nature of RC and the surrounding matrix, respectively [45]. A drawback of RC is its
higher water demand due to its porous structure [43,44]. Nevertheless, replacing up to 40%
of OPC with RC has been shown to have little effect on the mechanical and durability
performance of concrete [41,42]. A major challenge in RC production is the recovery of
cement paste from concrete waste. To address this, the authors previously developed a
low-energy separation process achieving cement paste purities above 75 wt.% [47]. This
enables the production of RC with carbon emissions more than 75% lower than those of
PC [34,48-50]. Recycled cement has demonstrated strong potential as an earth stabiliser,
significantly improving the strength and water resistance of compressed earth blocks (CEB)
[51-53], while maintaining favourable thermal and hygroscopic properties [54,55].
However, the interactions between RC and clay minerals, and their influence on hydration

and strength development remain unexplored.

To fill this gap, this study examines clay—RC interactions, focusing on hydration kinetics
and microstructural development. A kaolinite-rich clay was blended with either RC or PC in
high w/c pastes. Phase development and pore structure were monitored over time using
X-ray diffraction (XRD), thermogravimetry (TG), nuclear magnetic resonance spectroscopy
(NMR), scanning electron microscopy (SEM), mercury intrusion porosimetry (MIP), and
nitrogen adsorption (N2A), alongside mechanical strength development. A kaolinite-rich
clay was selected for its abundance, low reactivity, and non-swelling behaviour, similar to
illite. These characteristics make it more suitable for cement stabilization in earth
construction than expansive clay minerals [56]. Additionally, kaolinite is less prone to
aggregation, helping to better understand the clay-cement interaction [19,57]. Inert quartz
sand was used in reference mixes in place of kaolinite to isolate physical filler effects. Plain
PC pastes were also characterised for comparison. The objectives of this study are twofold:



to investigate clay—RC interactions and to improve understanding of stabilization kinetics in

cement systems.
2. Experimental campaign
2.1 Raw materials

A pre-processed kaolinite-rich clay was selected. Owing to its high purity and non-swelling
behaviour, the material is considered representative and well suited for investigating
clay-cement interaction mechanisms in earth-based construction materials. The chemical
composition and main physical properties of this clay are summarized in Table 1. X-ray
diffraction (XRD) analysis identified kaolinite, illite/muscovite, and quartz as the dominant
mineral phases (Figure 1). Based on chemical composition and approximate phase
stoichiometry, their average contents were estimated at 63%, 23%, and 14%, respectively.
For simplicity, the clay is hereafter referred to as kaolinite. Particle size distribution was
measured by wet laser granulometry using a -Malvern Mastersizer 3000, after
ultrasonication (Figure 2). The kaolinite was supplied as a powder composed of fine

aggregates of plate-like particles (Figure 3).

For comparison, inert quartz fine sand was used in the reference mixtures as a replacement
for the clay fraction. This approach.allowed the isolation of the effects associated with
clay-cement interactions. However, the quartz sand exhibited a slightly coarser particle size

distribution (Figure 2) and a lower specific surface area (SSA) than the kaolinite (Table 1).

Table 1 — Chemical analysis and physical properties of quartz fine sand, kaolinite-rich clay, Portland cement (PC),
recycled cement (RC).

Parameter Standard Quartz Kaolinite PC RC
Density (kg/m?) a 2690 2740 3030 3007
BET surface area (m?/g) - 1.08 13.8 1.97 9.8
A (M) - 17.7 115 213 25.5
Free CaO (%) EN[g§]1'1 0.00 0.00 273 13.94
. .. EN196-2 99.0+0.1+ 532+333+ 195+50+
SiO2 + Al,O3 + Fex03 (%) [59] 0.1 17 29 19.1+5.1+3.0
Ca0 + MgO (%) EN[;gf'z 0.0+0.0 0.0+03  630+16  608+18
Water requirement EN[;g]G_S 0.30 0.74
Sefting time  Initial  EN 196-3 Not applicable 158 375
(min) Final [60] 236 415

a) by helium pycnometry
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Figure 1 — X-ray diffraction analysis of kaolin clay.

Recycled cement (RC) and a reference Portland cement (CEM | 42.5R, denoted PC) were
used as stabilisers. The RC was produced from laboratory-prepared cement pastes made
with PC at a w/c ratio of 0.55. Artificial cement pastes were used in place of concrete waste
to minimise variability associated with aggregate contamination, thereby allowing clearer
analysis of clay—cement interactions. Previous studies have shown that RC retrieved from
separated concrete waste exhibits binding properties comparable to those of RC obtained
from pure cement paste [41,51]. In addition, Carrigo et al.. [40] reported that RC properties
are only marginally influenced by the w/c ratio of the source cement waste. The cement
pastes were cast into 150 mm cubes and subjected to 7 days of wet curing, followed by
more than 4 months of storage under ambient conditions (60—-80% relative humidity, RH).
The hardened pastes were then crushed, ground, and milled to a particle size below
150 um, before undergoing thermal activation in a rotary kiln at a heating rate of 10 °C/min
to 650 °C, with holding periods of 1 h at 150 °C and 3 h at 650 °C. The main physical
properties of RC and PC are summarised in Table 1. RC exhibited a SSA roughly five times
higher than that of PC, due to its porous structure and irregular particle morphology [43,45].
This characteristic significantly increases the water demand of RC, which is more than twice
that of PC (Table 1).
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Figure 2 — Particle siz:n(ngZ):ggn of PC, RC, Kaolinite Figure 3 — SEM of kaolinité'rich clay.

The pozzolanic activity of the kaolinitic clay was assessed using the Frattini test for
pozzolanic cements, according to EN 196-5 [61]. The concentrations of Ca?* and OH-
released into an aqueous solution in contact with a blend containing 80 wt.% PC and 20
wt.% kaolin were measured after 8 and 15 days of storage at 40 °C. As shown in Figure 4,
the results for the PC—clay blend plot above the calcium ion saturation curve, indicating that
the kaolinitic clay does not exhibit pozzolanic activity under the tested conditions. The same
procedure was applied to quartz sand and a reference pozzolanic fly ash, confirming their

inert and pozzolanic behaviour, respectively.
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Figure 4 — Pozzolanicity of pozzolanic cements according to EN 196-5 [61] at 8 and 15 days.

2.2 Specimen production

The paste compositions are summarised in Table 2. Clay—cement pastes were prepared
by replacing 25 vol.% of PC or RC with kaolinite (CK and RCK), targeting a flow spread of



160—-190 mm, according to EN 1015-3 [62]. As noted, reference pastes in which the clay
was replaced by an equivalent volume of inert quartz (CQ and RCQ) were also prepared
for comparison. At high cement contents (above approximately 60 vol.%), clay particles are
embedded within a continuous cement paste matrix, and the mechanical performance is
predominantly governed by the w/c ratio [4]. In the present study, for each stabiliser type,
the total volume of solids (cement plus additions) and the w/c were kept constant across
mixtures. However, owing to its higher water demand, RC—-based pastes were produced
with a w/c of 1.0, whereas PC-based pastes were prepared with a w/c of 0.52. To enable a
more direct comparison of the influence of clay on the two types of stabilisers, an additional
PC—kaolinite mixture (CK1) was prepared with the same w/c ratio as the RC-kaolinite paste.
Furthermore, reference mixtures containing only PC or only RC, but with the same w/c as
the corresponding clay—cement pastes, were produced. Using high w/c and high
cement-to-clay ratios in this study provides favourable conditions for promoting and

assessing clay—cement interactions.

Table 2 — Compositions of the produced pastes.

. Addition (ad Mbinder Mcem Mad Mw
Mix 116 (vol.%)( (v)vt.%) wic wi(c*ad) \ m3)  (kgim®)  (kgim®)  (kg/m?)
c - i - 052 (052 © 1120 1120 0 583
RC - i ] 1 1 713 713 0 713
CQ Q 25 227 052 040 1284 993 292 516
RCQ Q 25 23.0. 4 1077 854 658 196 658
CK K 25 230 052 040 1200 993 297 516
RCK K 25 233 1 077 858 658 200 658
CKi K 25 230 1 077 859 661 198 661

Mbinder — Mass of binder; Mcem — Mass of cement; Mad — Mass of addition; Mw — Mass of water

Cement pastes were prepared using a conventional multi-speed planetary mixer, where the
dry solids were thoroughly mixed with water for approximately 8 min. The fresh pastes were
then cast into 160 x 40 x 40 mm? prismatic moulds and covered with plastic film. For each
composition, 18 prisms were produced to allow mechanical testing and morphological
characterisation at different curing ages. After 12 h, three prisms per composition were
demoulded. One half of a prism was sectioned into slices 4-5 mm thick, from which two
slices were further fractured into 4 x 4 pieces, yielding specimens of approximately 1 cm?.
These samples were immediately immersed in isopropanol (C3HsO) to stop hydration. The
isopropanol was replaced after 1, 3, 12, and 24 h, following the procedure described in [63].
Subsequently, specimens intended for SEM, N2A, and MIP were oven-dried at 40 °C for



24 h. Samples for XRD, TG, and NMR analyses were milled to a particle size below 125 ym
and immersed in 50 mL of diethyl ether for 30 min, followed by oven-drying at 40 °C for 30
min, as recommended in the literature [64]. All specimens were then vacuum sealed in
plastic bags and stored in a desiccator until testing. The remaining prisms were demoulded
after 24 h and cured in a controlled wet chamber (20 + 2 °C; RH > 90%) until testing at 1,
3, 7, 28, and 90 days. At each curing age up to 28 days, the same preparation procedure
was applied to obtain specimens for morphological analysis.

2.3 Testing methods

Cement pastes were characterised in terms of mechanical strength, TG, XRD, NMR, SEM,
MIP, and N2A. Mechanical strength was determined according to-EN"1015-11 [65] by
measuring flexural and compressive strength at 1, 3, 7, 28, and 90 days. Flexural strength
was first determined on prismatic specimens, followed by compressive strength testing on
the resulting halves. Fresh pastes were further characterised for bulk density and
consistency according to EN 1015-6 [66] and EN 1015-3 [62], respectively.

TG analyses were performed using a Hitachi Nexta STA under a nitrogen atmosphere.
Approximately 15 mg of sample was heated from 20 °C to 950 °C at a rate of 15 °C min".
In cement pastes, three main mass-loss regions are typically identified [67,68]: dehydration
(Lan), related to the loss of bound water from calcium silicate and aluminate hydrates;
dehydroxylation (Lax) of Ca(OH)z; and decarbonation (L«c). Although the exact temperature
ranges depend on cement composition and testing conditions [68], in this study Lah, Lax,
and Ldc were defined within 105-550 °C, 400-450 °C, and >550 °C, respectively.
Dehydration was considered above 105 °C to exclude tightly bound adsorbed water,
despite partial water loss from hydrates such as C—S—H and ettringite occurring below this
temperature [46,68]. The Ldax contribution was quantified using the tangent method to
correct for overlapping C—S—H mass loss [68], and Ldn was calculated as the mass loss
between 105 and 550 °C after subtracting Lax. In clay—cement pastes, the mass losses from
clay partially overlap Lah and Lax regions (Figure 5c¢). To account for this, corrections were
made using the TG curve of the clay and its proportion in the mix. Basically, the correction
is based on the following assumptions: the sample consists of hydrated cement and
hydrated raw clay; the volume of anhydrous cement is three times that of the raw clay (25
vol.% cement replacement); the weight of anhydrous cement corresponds to the weight of

the hydrated cement minus its mass loss up to 550 °C; the mass loss of the blended sample



at a given temperature is considered to be the sum of the individual mass losses from the
raw clay and the hydrated cement, weighted according to their respective proportions in the
sample; the kaolin clay is not significantly attacked after cement hydration. In other words,
Lan, Ldax, and Lac pertain only to the cementitious fraction, assuming that clay is inert. The
same approach was applied to pastes containing quartz sand, whose mass losses are
negligible (Figure 5d). Non-evaporable bound water (Wb) and portlandite content (CH) were
calculated using Eq. (1)—(2), normalised to anhydrous cement weight at 550 °C [46,68], with
McH, MH,0, and Mco, denoting molecular weights of CH, H20, and COz2, and Ldc,a accounting

for the carbonated material in anhydrous cement.

My, o
Wb = th + de + _M 2 X (de - de’a) (1)
co,
M M
CH = Loz X 7 Hop — % (Lge — Lgeq) (2)
H,0 co,

XRD was performed using a Bragg—Brentano diffractometer (Bruker D8 Advance DaVinci,
Karlsruhe, Germany) with Ni-filtered CuKa radiation.operating at 40 mA and 40 kV. Data
acquisition was obtained in the 20 range 5-80 °, with a step size of 0.02 °, 0.5 s per step,
and a spin rate of 15 rpm. Quantitative phase analysis was carried out via Rietveld
refinement using the TOPAS 5.0 (Bruker AXS, Karlsruhe, Germany) software. Due to the
complexity of the samples, which contained multiple phases from cement, clay, and their
interactions, crystal structure parameters were not refined to avoid misleading results [69].
Moreover, the crystalline size parameter was omitted for minority phases (<1 wt.%). The
fitting quality parameter Rwp was below 10% in all cases. To quantify the amorphous
fraction, 10 wt.% zinc oxide (ZnO) was added and homogenized with 90 wt.% of the dried
sample. Knowing the proportion of zinc oxide in the sample, the quantification of each
phase was corrected using a factor based on the ratio between the measured and actual
zinc oxide content The amorphous content was then determined as the difference between

100% and the sum of all quantified crystalline phases [70].

The consumption of anhydrous calcium silicates and the formation of C—-S—H were
investigated by NMR spectroscopy. Samples were packed in 4 mm zirconia rotors with
Kel-F caps and analysed using a Bruker Avance IlI™ HD 500 MHz spectrometer (11.7 T
magnetic field) equipped with a 4 mm CPMAS probe. The 2’Al magic-angle spinning (MAS)



NMR spectra were acquired at 130.3 MHz using 0.4 us radio-frequency pulses, a recycle
delay of 0.5 s, and a spinning rate of 12 kHz. Chemical shifts are reported relative to
aqueous Al(NO3)3 set at 0 ppm. The 2°Si MAS NMR spectra were recorded at 99.3 MHz
using 4.2 us (45 °) pulses, a recycle delay of 30 s, and a spinning rate of 5 kHz, with

chemical shifts referenced to tetramethylsilane (TMS).

The MIP measurements were performed using an AutoPore 1V 9500 porosimeter (v1.09).
Prior to testing, specimens were oven-dried under vacuum at 40 °C for 24 h. Approximately
0.5-1.5 g of each sample was placed in the penetrometer, evacuated to ~50 mmHg in the
low-pressure chamber, and intruded with mercury up to 0.21 MPa. The penetrometer was
then transferred to the high-pressure chamber, where mercury pressure was increased in
auto-speed mode up to 227.5 MPa with an equilibrium time of 40 s. Pore size distribution
was calculated using Washburn’s equation (Eq. 3), assuminga mercury surface tension (y)
of 0.485 N m* at 20 °C and an advancing/receding contactangle (8) of 130 °, corresponding
to a pore diameter range of 0.006—330 pm.

_ 4y X6
p

d

3)

Nitrogen adsorption (N2A) tests were conducted using a Micromeritics ASAP 2010 analyser
(Micromeritics Instrument Corporation) at 77 K, over a relative pressure range (P/Po) of
approximately 0.01-0.99, enabling the assessment of pore diameters in the range of
~2-150 nm. Approximately-1 g sample was degassed under vacuum at 40 °C for 24 h prior
to testing. The SSA and pore size distribution were determined using the BET multilayer
adsorption and:-BJH methods, respectively [71]. In addition, the mean pore diameter (dm),
defined as four times the maximum pore volume divided by the SSA, was calculated. This
approach is particularly suitable for characterising fine mesoporosity (2-50 nm), because
condensation pressures vary minimally for pores larger than =100—-200 nm, and maintaining

high P/Po values is experimentally challenging [72].

Finally, the fracture surfaces of = 1 cm?3 specimens were examined by SEM using a Thermo
Scientific Phenom ProX equipped with an energy-dispersive X-ray spectroscopy (EDS)
system. Prior to imaging, each sample surface was partially coated with an Au—Pd alloy
using a dedicated mask, leaving approximately half of the surface uncoated. The coated

area enabled high-quality SEM imaging by minimizing charge accumulation, while the



uncoated region was used for EDS elemental analysis to avoid inaccuracies associated

with the presence of external elements introduced by the coating alloy.
3. Results and Discussion

3.1 Thermogravimetry analysis

Consistent with prior studies [46,73], RC had a high rehydration capacity, generating
hydration products comparable to those of PC since the early stages of hydration (Figure
5a,b). The primary difference was the formation of AFm phases (calcium
monosulfoaluminate) in RC within the first hours of hydration, as shown by the shoulder at
140-160 °C in the derivative thermogravimetric (DTG) curves (Figure5). This behaviour is
attributed to the immediate rehydration of dehydrated AFm phases originally present in
anhydrous RC [44,46]. In contrast, AFm phases in PC pastes were formed only after 3—7
days, depending on the paste composition. Ettringite .initially forms and subsequently
transforms into AFm phases as sulphates are progressively depleted. In this context, AFm
formed more slowly in PC pastes without additions than in those containing additions
(Figure 5a,c). This behaviour can be attributed to the slower sulphate depletion in pastes
with higher cement and gypsum contents at the same w/c. In addition, cement hydration
proceeds more rapidly at higher w/c due to increased water availability [74,75]. Accordingly,
AFm phases developed earlier in CK1, -which exhibited a higher w/c and lower solids

content than CK (Figure 5c,e):

The evolution of Wb, Lan, and CH for each paste is summarized in Table 3. All values were
normalised to the anhydrous cement content and corrected to account for cement dilution
in blended mixtures containing additions. Regardless of the cement type or the presence
of additions, these parameters increased overtime, confirming the normal progression of

hydration reactions.

At similar workability, RC pastes exhibited higher Lanh and Wb than PC pastes at all ages.
This can be partly attributed to the higher w/c of RC pastes [45], which is known to
accelerate hydration kinetics [75,76]. However, even at identical w/c, W» remained higher
in RCK than in CK1, particularly at early ages, up to 7 days. The larger SSA and higher
solubility of RC likely promoted faster reactivity [76,77], confirming its high hydraulicity. By
28 days, however, the difference in Wy, became negligible. This convergence can be

partially explained by the higher CH content measured in CK1 compared with RCK after



12 h (Table 3; Figure 5e,f). The same was observed by Bogas et al. [46], who attributed
this behaviour to the greater formation of CH from CsS in PC, which is absent in RC, and
to the higher proportion of carbonated CH in anhydrous RC. In addition, a more rapid
formation of C—S—H in RC between 1 and 3 days was confirmed (Table 3; Figure 5b), which

was identified as the period of most significant dissolution of a'v—C2S [46].

- 0.0 100 - 0.0
(a) (b)
L 05 95 - -0.5
- -1.0 “E 90 - -1.0 :C‘
Q) IS Q S
s L 15 & ST -5 E
2 s P g
L 20 80 -20 2
o )
. F-25 75 - -2.5
- -3.0 70 A - -3.0
= — ——RC.28d
65 : : : : 35 65 : : : : 3.5
0 200 400 600 800 1000 0 200 400 600 800 1000
T(°C) T(°C)
- 100 0.0
(C) 100 0.0 (d)
L 05 95 - -0.5
L 1.0 ~ 90 -1.0 ‘_E
= £ S £
) L 15 (E o 8 15 X
0] xR
= o . ROITTINNN 9
-=2:0 '(-_r) 80 + Q TN --20
a> | - RCQ_12h "1y
25 75T SRRIEE RCQ_1d  \S¥=== 25
— .. —RCQ_3d T
_ - -3.0 70 + — — - RCQ_T7d - -3.0
—— —-CK_28d — ——-RCQ_28d
65 t } } } -3.5 65 t t t t -3.5
0 200 400 600 800 1000 0 200 400 600 800 1000
T(°C) T(°C)
- 0.0 100
(e (f) 0.0
L .0.5 95
r-05 ~
1.0 T ) o E
3 a5 & 2 e £
o A o @ . e
T80t . CK1A2h sy T - t20 E Fogot | - Kdy sy . a
o oK1 14 N~ —— a T aeaas RCK_12h . 2.0
T ckiad T~ r 25 T T ROK_1d NoTTET 2.5
~ —. —- RCK_3d S——C ’
70 + — — ~CKivd - -3.0 70+ — —-RCK_7d L 30
— — —.CK1_28d — — —.RCK_28d '
65 : : : : 3.5 65 : : : : 35
0 200 400 600 800 1000 0 200 400 600 800 1000
T (°C) T(°C)

Figure 5 — Thermogravimetric (TG) and derivative thermogravimetric (DTG) curves of: (a) C; (b) RC; (c) CK; (d) RCQ;
(e) CK1; (f) RCK.



In addition, weight losses associated with decarbonation (>550 °C) were higher in RC
pastes, reflecting the larger amount of carbonated compounds in anhydrous RC derived
from cement waste (Figure 5). Furthermore, decarbonation related mass losses increased

with curing age, which is likely associated with specimen preparation prior to testing [45,68].

Table 3 — Mass loss associated with the release of bound water from calcium silicate and aluminate hydrates (Ldn),
amount of non-evaporable bound water (Ws) and portlandite content (CH) between 12 hours and 28 days, normalised
to anhydrous cement fraction.

12h 1 day 3 days 7 days 28 days

Mix [Lan Wo CH | Lan Wo CH | Lsn W CH | Lsn Wo CH | Lsn W, CH
(%) (%) (%) | (%) (%) (%) | (B) (%) (%) | (%) (%) (%) | (%) (%) (%)

C |45 72 109 | 58 91 137 | 78 121 179 | 98 150 214 | 122 187 26.8
CQ |46 73 113 | 70 110 163 | 10.0 148 196 | 120 176 228 | 148 207 245
CK |54 84 122 | 70 107 153 |105 151 189 | 129 180 21.0 | 147 202 225
CK1 | 47 75 117 | 69 114 182 | 97 152 226 | 127 195 277 | 150 227 316
RC |85 120 144 | 110 154 183 | 142 195 216 | 146 203 234 | 162 226 262
RCQ |92 130 153 | 122 171 202 | 148 102 221.| 160 216 228 | 162 218 23.1
RCK | 86 121 144 | 117 16.0 174 | 142 189 194/ 1567 218 248 | 162 225 26.0

Contrary to previous studies [16,25], the partial replacement of cement with 25 % clay did
not delay the early hydration of either PC or RC. On the contrary, an acceleration effect
was observed in PC pastes, as evidenced by higher Wy and Ldn values (e.g., CK vs. C,
Table 3). This effect can be:primarily attributed to the filler and nucleation effects of
kaolinite, whose high SSA provides additional sites for hydration products growth [10,24].
At a constant w/c, replacing cement with mineral additions reduces the effective w/b ratio
and increases the solids fraction. Consequently, if the additions participate in hydration, the
reduced water availability and available space for crystal growth may restrict the degree of
hydration [76,78]. Therefore, nucleation effects are likely the dominant mechanism
governing the enhanced hydration observed in blended systems. Accordingly, both RCQ
and CQ exhibited a higher degree of hydration up to 28 days compared with RC and C,
respectively. However, despite the higher hydration degree of the cementitious fraction in
theses mixtures, non-blended pastes produced a larger absolute amount of hydration
products when values were not normalised to cement content. The partial substitution of
cement and the consequent clinker dilution limit the total formation of hydration products,
as illustrated in Figure 5a—d. Nevertheless, when comparing CQ with CK or RCQ with RCK
at equal w/c, no detrimental effect of the non-expanding clay on hydration evolution was

observed.



The slight delay in hydration observed in CK1 in comparison with CK at 12 h can be
attributed to its higher w/b, which is known to extend setting and delay the acceleration
stage of hydration [79,80].

Several authors have proposed the occurrence of pozzolanic reactions between clay and
cement. Liu et al. [24] suggested that C—A-S—H gel may form on clay surfaces due to the
presence of unreacted Al-O or Si—O bonds. In the present study, the estimated CH content
was slightly lower in CK than in CQ after 1 day, which may indicate partial CH consumption
through clay—cement interactions (Table 3). However, this reduction was not systematically
accompanied by a corresponding increase in C—S—H or C—A—S—H (Lan). Moreover, a similar
trend was not observed in RC pastes after 3 days. In addition, the relative Ldn content in
CK compared with C decreased after 7 days, suggesting that nucleation effects rather than
pozzolanic reactivity predominated. The gradual increase in CH observed over time in both
CK and CK1 further supports the conclusion that significant pozzolanic reactions did not
develop. Therefore, overall, these results indicate that physical effects dominate over
potential chemical interactions between clay and cement./Nevertheless, after 3 days, CK
exhibited a higher Lan/CH ratio than the other mixtures, which may suggest limited clay—
cement interactions. These interactions appear to be confined to minor surface reactions,
as further discussed in sections 3.3 and 3.6. This behaviour was not observed in CK1,

which had a higher w/c.

In RC pastes, the incorporation of clay had little influence on Wb, Lan, and CH when
compared with RC and RCQ. Both RCQ and RCK showed only a slight acceleration in
hydration during the first day, with the most pronounced increase occurring after 12 h rather
than between 1 and 3 days (Figure 5b,c,f; Table 3). Beyond 1-day, similar type and amounts
of hydration products developed per unit volume of RC, suggesting a reduced influence of
additions in this system. This behaviour can be attributed to the inherently high solubility
and large surface area of RC, which likely diminish the contribution of additional nucleation
effects. As further discussed in section 3.6, RC may also promote the formation of larger
clay aggregates, thereby reducing the clay surface area and, consequently, its nucleation
potential and interaction with RC. These results suggest that clay disperses more effectively
in PC pastes than in RC pastes. Nonetheless, the low pozzolanic reactivity of the clay is

confirmed, as shown in Figure 4.



Finally, the DTG curves of pastes containing quartz or clay were generally similar for both
PC and RC systems. Notably, the ettringite-related peak in RCQ was more pronounced
than in RCK, indicating a higher content of this phase (Figure 5d,f).

3.2 X-ray diffraction (XRD)

The main crystalline phases present in cement pastes containing kaolinite (K) or quartz (Q)
additions are identified in Figure 6a—-d. Owing to quartz’s high crystallinity, its diffraction

peaks dominated the diffractograms, hindering the visual identification of the other phases.

CK - . RCK
1 ¥ . 28d

1d 1d
- x Yo ‘0
a o a o a A | o
x
12h 12h
* x X 0.
A o o A A l A o
5 10 15 20 25 30 35 5 10 15 20 25 30 35
20 () 28()
b o
+ £ Jleeat
P C * x AL = X = L.
5 10 15 20 25 30 35 5 10 15 20 25 30 35



B C2S alpha H ® C2S Beta A C3A Cubic RC3sM1 O C4AF

* Cakcite A Dolomite X Quartzo +Portlandite A Ettringite
O lllite <& Muscovite m Kaolinite 0O Gypsum
¥ Zincite = Al2 C Ca4d H22 020 @ Al C0.25 Ca2 Cl0.5 H10.5 09

Figure 6 — X-ray diffraction analysis of: a) CK; b) RCK; c¢) CQ; d) RCQ; e) anhydrous PC; f) anhydrous RC.

As discussed in previous studies [46,73], the predominant anhydrous phase identified in
RC pastes was the a'h—C2S polymorph, whereas PC pastes mainly contained C3S and
B-C2S (Figure 6). In addition, unlike PC, anhydrous RC exhibited a high CH content, which
can be attributed to the rapid rehydration of free CaO generated during the thermoactivation
of cement paste waste [38]. The higher calcite content observed in . RC pastes was
consistent with the TG results and can be explained by the prior natural exposure of the

precursor cement paste.

The evolution of the main anhydrous crystalline phases and the amorphous content over
time, determined by Rietveld refinement (section 2.3), is presented in Figure 7. Results for
the hydrated pastes were normalised to the anhydrous 'cement mass, accounting for loss
of bound water, and to the cementitious fraction alone, excluding contributions from
kaolinite and quartz. This normalization enables a more meaningful comparison of
hydration behaviour across the different compositions. The amorphous content was
quantified using 10 wt.% crystalline ZnO as an external standard. The accuracy of this
estimation depends on the dispersion efficiency of ZnO, in addition to the intrinsic
uncertainties associated with the Rietveld refinement method. The detailed phase
evolution, expressed per unit of anhydrous mass and relative to the cement content, is
reported in Table 4 and Table 5, together with the ICDD files used in the Rietveld

refinement.

In RC pastes, a progressive consumption of a'v—C2S was observed throughout hydration,
confirming its high reactivity and rehydration capacity, regardless of the presence of clay
minerals in the mixture (Figure 6 and Figure 7). In blended RC pastes, a'v—C2S reacted
significantly as early as 12 h, instead of only after 1 day as reported in [46]. This indicates
an acceleration effect induced by kaolinite or quartz, in agreement with the TG results. As

expected, B—C2S had limited hydration up to 3 days in both RC and PC pastes (Figure 7).

AFm phases are poorly crystalline and therefore difficult to detect by XRD. They contributed
to the high amorphous content observed in RC pastes from 12 h onward (Figure 7). In



contrast to PC pastes, RC pastes exhibited the formation of AFm phases as early as 12 h,
mainly in the form of carboaluminates (Table 4 and Table 5). This behaviour was also
reported in the literature [44,46] and is consistent with the TG results (section 3.1).
Moreover, as also evidenced by TG analysis: i) ettringite formed in both RC and PC pastes,
regardless of the type of addition (K or Q) and ii) RCQ developed a higher AFt content than
RCK. Monosulfoaluminate phases were not detected, likely due to their low abundance and
the dominance of more highly crystalline phases.
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Figure 7 — Phase evolution and amorphous content of cement pastes over time (12 h to 28 days), determined by
XRD Rietveld refinement: (a) CK; (b) RCK; (c) CQ; (d) RCQ; (e) CK1, (f) kaolinite.



Table 4 — Main crystalline phases in blended PC pastes from 12 h to 28 days, determined by Rietveld refinement and normalised to the anhydrous cement fraction.

CK CK1 cQ
Phases ICDD PC 12h 14 3d  28d 12h  3d  28d 12h 1d  3d  28d
a'v—C2S 04-012-6734 NI NI NI NI NI NI NI NI NI NI NI NI
B-C.S 00-033-0302 13.5 7.0 7.2 6.6 3.7 6.2 4.9 4.2 6.0 4.5 6.8 4.4
CsS 04-018-9701 56.1 24.2 17.4 8.5 2.7 31.0 9.6 1.8 27.5 17.2 10.2 3.6
CsA 04-008-8069 3.6 2.3 1.9 1.0 0.5 2.9 0.8 0.4 2.3 1.9 1.4 0.5
C4AF 04-006-8923 10.0 10.2 9.5 9.2 6.3 11.3 71 5.4 9.8 10.6 9.7 7.6
Calcite 00-005-0586 4.5 5.6 7.0 5.6 7.1 7.6 9.9 6.5 6.6 8.2 6.2 7.4
AFt 00-041-1451 NI 4.6 4.6 4.4 4.0 2.4 71 8.5 5.0 6.3 6.9 6.7
CH 00-004-0733 0.3 9.8 10.2 13.2 14.3 84 16.2 17.4 6.9 10.7 13.3 14.4
AFm-Mc 04-011-4223 NI NI NI NI 5.2 NI 1.3 8.1 NI NI 04 2.9
AFm-Hc 04-018-0025 NI NI NI NI 1.3 NI NI NI NI NI 0.6 0.2
AFt: ettringite; CH: portlandite; AFm-Mc: calcium monocarboaluminate hydrate; AFm-Hc: calcium hemicarboaluminate hydrate; NI: non identified phase
Table 5 — Main crystalline phases in blended RC pastes from 12 h to 28 days, determined by Rietveld refinement and normalised to the anhydrous cement fraction.
RCK RCQ
Phases ICDD RC 12 h 1d 34 28 d 12 h 1d 34 28 d
a'v—C2S 04-012-6734 44.0 25.6 19.8 13.7 8.0 19.1 17.0 12.1 8.0
B-C.S 00-033-0302 1.0 0.8 0.8 0.9 0.2 0.9 1.2 1.1 0.7
CsS 04-018-9701 NI NI NI NI NI NI NI NI NI
CsA 04-008-8069 NI NI NI NI NI NI NI NI NI
C4AF 04-006-8923 2.8 NI NI NI NI 2.9 4.4 1.2 1.2
Calcite 00-005-0586 9.6 7.0 6.4 5.6 111 7.4 6.2 7.7 11.4
AFt 00-041-1451 NI 2.9 3.5 3.2 2.6 4.9 6.0 6.7 6.5
CH 00-004-0733 11.9 12.7 11.9 12.1 7.8 13.4 12.2 11.6 9.1
AFm-Mc 04-011-4223 NI 3.9 3.7 5.2 4.5 2.8 2.6 3.8 54
AFm-Hc 04-018-0025 NI 1.0 1.8 2.7 1.3 1.1 2.1 2.4 1.4

AFt: ettringite; CH: portlandite; AFm-Mc: calcium monocarboaluminate hydrate; AFm-Hc: calcium hemicarboaluminate hydrate;

NI: non identified phase



A consistent trend in CH evolution was not always observed, particularly in RC pastes.
Unlike the TG results, the values reported in Table 4 and Table 5 were not corrected for
carbonation. In fact, part of the CH formed is likely to have carbonated, as reflected by the

corresponding increase in calcite content.

The long-term volume of hydration products in RC pastes was slightly higher than that in
PC pastes. This difference, also observed in the TG analysis (section 3.1), cannot be
attributed solely to differences in w/c, as CK1 exhibited a lower amorphous content than
both RCK and CK. However, CK1 showed a greater consumption of C3S and a higher
formation of AFt compared with CK.

The degree of reaction of the main phases in PC and RC pastes.at 28 days (CsS and
a'n—C2S, respectively) was estimated relative to their original contents in the anhydrous
materials. The degree of reaction of C3S and a'w—C2S was around 0.94 and 0.82 in PC and
RC pastes, respectively . Although CsS was consumed to a greater extent in PC pastes, a
substantial fraction of B—C2S remained unhydrated. As previously noted, RC pastes
exhibited a higher amorphous content and a.more rapid formation of AFm phases from the
very early hours of hydration [45]. Once again, the pronounced consumption of a'v-C2S

after 12 h of hydration is evident.

Notably, the degree of hydration of C3S and a'w—C2S was similar in pastes containing either
quartz or kaolinite, indicating that the clay had little influence on the hydration kinetics.
Indeed, consistent with TG results, RC pastes with quartz or kaolinite showed similar
hydration levels and evolution (Figure 7). At 28 days, both the residual a'sv—C2S content and
the amorphous fraction were equivalent in both RC pastes. However, PC pastes containing
kaolinite showed a slight increase in hydration and C3S consumption compared with pastes
with the same amount of quartz. This effect was already evident at early ages and, as

discussed in section 3.1, supports an enhanced filler and nucleation effect of kaolinite.

It is nevertheless valuable to assess whether there is a chemical interaction between the
cement and kaolinite. Figure 7f shows the evolution of the crystalline kaolinite content over
time, as estimated by Rietveld refinement. Despite the variability inherent to the method,
CK shows a slight trend of kaolinite consumption over time. However, the consumption rate

diminished progressively, suggesting a surface-limited phenomena (Figure 7). In contrast,



no clear reduction in kaolinite content was observed in RCK or in CK1, indicating that

cement—clay interactions may be favoured in systems with lower w/c.

However, Feng et al. [80] reported enhanced pozzolanic reactivity in LC® pastes with
increasing w/b (0.3-2.0), which was attributed to greater water availability and space in
interparticle regions. Similar observations were made by Hay and Celik [79] for LC? pastes
with w/b ratios between 0.25 and 0.6. Nevertheless, in the present study, a higher
participation of reactive species likely occurred in CK compared with CK1, possibly due to
more effective dispersion of kaolinite in PC pastes with lower w/b. In addition, higher w/b
ratios are associated with greater CH dilution and higher pore saturation [79], which may
slow down pozzolanic reactions. The potential interactions between cement and the

kaolinite surface will be further discussed in sections 3.3 and.3.6.
3.3 Nuclear magnetic resonance (NMR)

The solid-state NMR spectroscopy provides detailed information on the arrangement of
SiO4 tetrahedra in solid silicates, enabling the identification of Q"(mAl) species, where n
represents the total number of bridging oxygens linking adjacent tetrahedral units, of which
m are connected to Al atoms [81,82]. Accordingly, the degree of silicate chain
polymerisation increases with increasing n. In common cementitious systems, Q° species
correspond to isolated anhydrous calcium silicate phases (C2S and C3S), whereas Q' and
Q? represent end-chain and middle-chain units, respectively. Q3 species, associated with
branching sites, may develop in cements containing pozzolanic additions or in C—S—H with
low Ca/Si ratios, while Q* denotes fully polymerized silica in a three-dimensional framework

[83], such as that present in the quartz used in RCQ and CQ mixtures.

The 2°Si and ?’Al solid=state NMR spectra of pastes at 28 days are shown in Figure 8. The
deconvoluted Q" sites obtained from the 2°Si NMR spectra were integrated to estimate the
quantitative parameters defined by Eq. (4)—(6), namely the mean chain length (McL) of C—
S—H, the degree of hydration (anmr), and the Algv)/Si ratio, where applicable [82,84—86]. As
only Q° to Q? species were newly formed in the hydrated cement pastes, Eq. (4)—(6) are
presented without inclusion of Q3 groups. Deconvolution of the 2’Al NMR spectra was not
performed due to the overlap of multiple Al-bearing phases and the resulting insufficient
fitting accuracy. Nevertheless, the 2’Al NMR provides qualitative insight into the
incorporation of Al into C—S—H, as a result of potential clay—cement interactions [87].
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The clay used in this study consists primarily of kaolinite, a 1:1 layered mineral composed
of SiO4 tetrahedral sheets and AlOs octahedral sheets, and mica-type clay, a dioctahedral
2:1 phyllosilicate in which an AlOs octahedral sheet is sandwiched between two SiO4
tetrahedral sheets. In the 2°Si NMR spectra (Figure 8), resonances at approximately -91
ppm and -107 ppm are assigned to kaolinite and quartz, respectively [7,88,89]. Moreover,
a broad contribution on the high-frequency side of the main resonance was observed. A
similar feature was reported by Mantovani [89] as involving Q3(1Al) to Q3(3Al) species,
associated with illite/muscovite structures. In these 2:1 phyllosilicates, isomorphic
substitution of Si** by AI** occurs within the SiOa sheéts, which are charge-balanced by
interlayer K* [89]. The Q3(1Al) resonance isconsistent with the chemical shift of
approximately -86 ppm reported for muscovite [90], as also observed in Figure 7. In the 27Al
NMR spectra, two main signals were identified at = 5 ppm and in the range of 60—-80 ppm
(Figure 8), corresponding to octahedrally coordinated Alvi) and tetrahedrally coordinated
Alqv), respectively, which arises from Al=for-Si substitution in SiO4 tetrahedra [88,89,91,92].
This confirms the presence of both kaolinite and mica-type clay minerals.

In the hydrated cement pastes, four deconvoluted 2°Si resonances in the range of -60
to -90 ppm were identified, corresponding to unreacted calcium silicates (Q°) and C-S-H
formed during hydration (Q' and Q?). The associated 2°Si chemical shifts (52°Si), together

with the calculated McL, anmr, and Algv)/Si ratio are summarized in Table 6.

In PC pastes, the Q° resonances at = -71 ppm and -74 ppm can be assigned to belite and
alite, respectively [83,88,93]. As previously noted, anhydrous RC lacks CsS, with a’h—C2S
being the predominant phase. Consequently, RC pastes exhibited a new resonance near -
70 ppm, slightly left of 3—C2S (Figure 8), consistent with chemical shifts reported in earlier
studies on RC [94] and within the documented range for a— and a'L—C2S (-70 to -71 ppm)
[88,90]. The C2S resonances tend to overlap making their precise individualisation difficult.

As observed in XRD analysis, the amount of $—C2S in RC was low (section 3.2). In mature



pastes, isotropic chemical shifts around -79 ppm and -84 ppm are assigned to Q' [95,96]

and Q? units [91,94], respectively.

Table 6 — 2Si NMR data of PC and RC pastes at 28 days: isotropic chemical shifts (6%°Si), degree of hydration (anur),

C-S—H mean chain length (Mct), and Alavy/Si ratio of C-S-H.

Composition Peaks ppm Area OINMR McL AlqvySi
Q2 (0Al) -83.65 1.9
Q2 (1Al) -81.5 0.05
C Q1 (0AI) -78.3 4 0.66 2.99 0.004
Qo0 -73.75 0.63
Qo -70.5 2.45
Q2 (0Al) -83.3 1.935
Q1 (0AI) -77.9 4.9 B
caQ Qo _73.55 06 0.75 2.79
Qo -70.5 1.72
Q3 -90.75 2.3
Q3 (1Al) -86 1.2
Q2 (0Al) -84.55 1.6
CK Q2 (1Al) -81.7 0.45 0.81 2.94 0.033
Q1 (0Al) -78.5 4.85
Qo0 -74.3 0.11
Qo0 -71 1.55
Q3 -90.7 2.65
Q3 (1Al) -86.3 1.575
Q2 (0Al) -83.5 1.9
CK1 Q2 (1Al) -81.6 0.12 0.81 2.82 0.008
Q1 (0AI) -7941 5.05
Qo0 -73.9 0.35
Qo -70.9 1.3
Q2 (0Al) -84 2.05
Q2 (1Al) -81.55 0.08
RC Q1 (0Al) -78.45 513 0.87 2.85 0.006
QO -72.3 0.13
Qo0 -70.4 1
Q2 (0AI) -84.05 2.25
Q1 (0Al) -78.67 4.925 :
RCQ Qo 726 04 0.89 2.91
Qo0 -70.5 0.53
Q3 -90.7 29
Q3 (1Al) -86.5 1.85
Q2 (0Al) -84.2 2.37
RCK Q2 (1Al) -81.6 0.14 0.91 3.05 0.009
Q1 (0Al) -79.06 4.9
Qo0 -71.97 0.4
Q0 -69.15 0.33

The high rehydration capacity of RC is confirmed from the substantial development of Q'

and Q? units, regardless of the type of addition used. Moreover, the chemical shifts of these



Q units are similar to those observed in common cement pastes, indicating the formation
of the same type of C—S—H. Compared with PC pastes of similar workability, RC pastes
exhibited a higher anwr, primarily due to their higher w/c [45,97]. However, even comparing
pastes with equal w/c, RCK showed slightly higher anmr and McL than CK1, consistent with
the trends observed in sections 3.1, 3.2 and 3.7. In RC pastes, Q° species were largely
depleted, and greater amounts of more polymerized C-S—-H were formed. Similar
behaviour has been reported in previous studies [46,94] being attributed to the higher
surface area and faster reactivity of RC, as well as its lower B—-C2S content. In fact,
consistent with section 3.2, C3S and a'w—C2S underwent significant consumption, in
contrast to B—C2S [98].

As observed in section 3.1, the incorporation of quartz or kaolinite accelerated the hydration
of both RC and PC pastes (Table 3), confirming their role as effective nucleation sites. This
effect was particularly pronounced in PC pastes. Notably, pastes containing kaolinite
exhibited slightly higher anmvr and McL values than other mixes, including those with quartz
additions. This subtle trend was not reflected in the TG results, which showed comparable

hydration rates at 28 days for pastes containing eitherquartz or kaolinite.

The 2°Si NMR spectra of CK and RCK pastes were affected by the presence of clay Q3
resonances, which partially overlapped Q? signals (Figure 8, Table 6). In addition, a
shoulder at =-81.6 ppm occurred, which can be assigned to Q?(1Al), reflecting the
incorporation of Al into the C=S—H structure [7,82,99]. While this Al substitution may had
originated from aluminate phases in the clinker, the prominence of this peak in CK suggests
that clay contributed to the formation of C-A-S-H, which is consistent with the Alv)/Si
ratios in Table 6. The ?’Al NMR spectra showed a resonance between 60-80 ppm,
confirming the presence of tetrahedrally coordinated Algv) replacing for Si in C-S-H.
However, a similar hump was also observed in the raw clay, indicating that Al-for-Si

substitutions were already present in its silica sheets.

Krgyer et al. [7] also reported an increased Q?(1Al) content in hydrated PC pastes
containing 20 % kaolinite. In that study, however, kaolinite was not significantly consumed
during hydration, and the observed acceleration effect was attributed primarily to
nucleation, which also promoted higher Q?(0Al) content and McL. In the present study, only
negligible changes in the position and intensity of clay-related Q3 peaks were observed,
indicating low kaolinite reactivity and no substantial consumption up to 28 days.



Nevertheless, despite the low integrated area of Q?(1Al), pastes containing clay exhibited
a higher degree of hydration and greater chain length of C—S—H (McL), in both RC and PC
systems. Therefore, the incorporation of clay promoted C—S—H formation, enhancing both
its quantity and degree of polymerisation. Any clay—cement interaction is likely limited to
surface effects, involving defective sites or partial edge dissolution, as further discussed in
section 3.6. By providing a large surface area for nucleation, clay particles can also
stimulate the incorporation of Al into the C—S—H structure.

The differences in McL and anmr between pastes containing quartz or clay were more
pronounced in CK than in RCK (Table 6), consistent with TG and XRD results. In addition,
the relative proportion of Q3 to other Q" species was slightly lower in CK (0.29) than in RCK
(0.37), suggesting stronger clay—cement interactions in CK. This is supported by the
estimated Algv)/Si ratios, which were 0.033 for CK and 0.009 for RCK (Table 5). In CK1, the
ratio was only 0.008, which corroborates the hypothesis<that clay is better dispersed and
interacts more effectively with cement in PC pastes of lower wi/c.

Overall, the greater C—S—H formation observed in CK was attributed to both nucleation and
cement—clay interaction effects. In RCK, these effects are less apparent, not only due to
poorer clay dispersion but also because the high surface area of RC particles promoted
enhanced C—S-H nucleation, masking potential clay—cement interactions. Nevertheless,
given the comparable degrees of hydration related to C—S—H formation, as evidenced in

sections 3.1-3.2, the reaction of CH with clay was likely minimal up to 28 days.

The 0-20 ppm region of the Al NMR spectra was challenging to interpret (Figure 8), as
multiple phases containing octahedrally coordinated AIl(VI) have their shifts cluster,
including ettringite (~13 ppm), monosulphates (~10-12 ppm), monocarboaluminates (~8-9
ppm), and other aluminate hydrate phases [81,82,88,93,99,100]. The spectra shows that
PC pastes exhibited a more pronounced shoulder between 4 and 12 ppm than RC pastes,
which could suggest greater AFm formation in PC. However, this was not corroborated by
TG analysis (section 3.1). This region is also affected by unhydrated C4AF (~8—10 ppm)
[81,101-103], which was more abundant in PC pastes (Table 4). Nevertheless, obtaining
a well-defined signal from Al in C4AF was also challenging as it is significantly broadened
due to the paramagnetic iron [102—104]. Additionally, the 2’Al NMR spectra of CK and RCK

are also affected by the presence of clay in this region (~5 ppm, Figure 8).
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3.4 Mercury intrusion porosimetry

The MIP porosity was primarily governed by the w/c, with RC pastes exhibiting higher total
porosity and a coarser pore structure than PC pastes of comparable workability (Figure 9).
For a given w/c, the incorporation of quartz or kaolinite led to a reduction in MIP porosity,

contributing to a more refined microstructure, particularly in PC pastes.
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Figure 9 — Total MIP porosity and pore size distribution at: (a) 3 days; (b) and 28 days.

For the same w/c, RCK developed a slightly lower total MIP porosity than its PC counterpart
CK1, particularly at early ages, corroborating the faster reactivity of RC observed in sections
3.1-3.3. Moreover, at similar total porosity, RCK developed a more refined pore structure,
characterised by a higher proportion of mesopores (<100 nm) (Figure 9). This refinement
is clearly observed in Figure 10, where the first peak corresponding to the critical pore
diameter was approximately four times smaller in RCK than in CK1. A similar trend was

reported by Bogas et al. [45]. This behaviour can be explained by the dual-peak pore



structure developed in RC pastes, associated with intra-particle porosity (within RC
particles) and inter-particle porosity (between RC particles), as evidenced in Figure 10. As
part of the mixing water was retained within the pores of RC particles, the effective
inter-particle space was reduced, leading to a less coarse microstructure. This effect was
more pronounced at early ages, when the difference between intra- and inter-particle
porosity was greater due to the development of fewer hydration products (Figure 9). In
contrast, PC pastes exhibit a different behaviour, with only interparticle porosity

progressively decreasing over time.
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Figure 10 — Log differential MIP infrusion volume at: a) 3 days; b) and 28 days.
The reduction in total MIP porosity resulting from the partial replacement of cement with

additions was partly related to differences in cement content for the same w/c. Although the
pastes shared the same w/c, variations in the w/b meant that mixes without additions were
produced with a higher effective water content, which contributed to their higher porosity.
A similar analogy applies when comparing the porosity of mortars and pastes with the same
w/c, as only the paste fraction contributes to the overall porosity. The incorporation of
additions had a more pronounced influence on PC pastes than on RC pastes. Partial
replacement of PC with fine quartz or clay reduced both the MIP porosity and the average
pore diameter of pastes, particularly at early ages (Figure 10). This behaviour confirmed
the filler and eventual nucleation effects of these additions, which enhanced matrix
compactness and refined the pore structure. Accordingly, a marked reduction in the volume
of coarse pores larger than 50 nm was observed in blended mixes (Figure 9). However, the
microstructure of CK and CQ pastes were similar, confirming the low pozzolanic reactivity
of the clay. In addition to differences in particle dispersion and the resulting compactness
(section 3.7), the slightly higher MIP porosity of CK compared with CQ, particularly within



the fine mesopore range (<50 nm), can also be attributed to inter-particle porosity

associated with clay clusters.

In RC pastes, the incorporation of quartz or clay had only a minor effect on the pore
structure. As previously discussed in section 3.1, these additions had low influence on
hydration, owing to the inherently high reactivity and large surface area of RC. It is also
likely that the additions were less effectively dispersed in RC pastes, due to their higher
water demand, poorer fluidity, and less available free water between particles. This will be

further discussed in section 3.6.

The lower proportion of fine mesopores (<50 nm) observed in blended RC.pastes (Figure
9) can be attributed to the dilution promoted on the volume of porous RC particles and
hydrated products, for the same w/c. As in PC pastes, the relative proportion of fine
mesopores in RCK compared with RCQ was influenced by the inter-particle porosity of clay
agglomerates, whereas non-porous quartz particles did not contribute to MIP porosity.
Nevertheless, as shown in Figure 10, the critical pore diameter was smaller in RCK than in
RCQ, indicating slightly greater macropore refinement (0.1-1 pm). This effect was not

observed in PC pastes.

From 3 to 28 days, a progressive refinement of the pore structure was observed for all
paste compositions (Figure 9—Figure 10). This refinement was more pronounced in PC
pastes than in RC pastes, even at the.same w/c, owing to the higher early-age hydration
rate of RC within the first 3 days. The type of addition had a negligible influence on the

evolution of total porosity between 3 and 28 days, irrespective of the cement type.
3.5 Nitrogen adsorption (N2 adsorption)

The SSA and average pore diameter (dm), determined according to Eq.(3), are presented
in Figure 11, while the corresponding pore size distributions are shown in Figure 12-Figure
13. Note that N2 adsorption analysis is inaccurate for pores larger than 50 nm at relative
pressures P/Po > 0.96 [105]. Nevertheless, in contrast to MIP, the pore size distributions
derived from N2 adsorption are less affected by the bottleneck effect, which overestimates

the fraction of small pores [106,107].
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As discussed in the literature [108,109], the total pore volume and SSA increased with w/c
(CK vs CK1), which contributed to the pronounced differences observed between PC and
RC pastes (Figure 11 and Figure 12). RC pastes, with a w/c twice that of PC pastes,
exhibited a more open and loosely connected pore structure, with greater accessibility to

small pores.

In pastes with high w/c, including CK1 and those containing RC, the volume of fine pores
increased over time (Figure 11 and-Figure 12), reflecting progressive refinement of the
microstructure through the formation of hydration products with high SSA [108]. This
behaviour demonstrated the continuous hydration of RC over time. In contrast, in low w/c
pastes, SSA and pore volume decreased between 3 and 28 days (Figure 11 and Figure
12), as the available space became increasingly filled and blocked by hydration products,
reducing pore connectivity [108,110]. Additionally, high w/c pastes are dominated by low-
density C—S—H with high SSA [111].

The incorporation of RC increased the SSA and total pore volume, even in pastes with
equal w/c (RCK vs CK1, Figure 11 and Figure 12). This effect can be explained by the
porous nature and high surface area of RC, which increased the volume of small pores,
particularly those below 50 nm (Figure 12). As mentioned, in addition to the RC porosity,
the inter-particle porosity in RC pastes was more refined than in PC pastes of equal wi/c.
Furthermore, as discussed in sections 3.1 and 3.2, RC pastes developed higher contents
of AFm phases from early ages, which are associated with higher SSA than ettringite [112].

In addition, the dm was similar in RC and PC pastes of distinct w/c and slightly higher in
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(Figure 11), highlighting the role of RC in effectively refining the
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Figure 12 — Pore size distribution from N2 adsorption analysis, at: (a) 3 days; (b) and 28 days.

Only minor differences in SSA and porosity were observed after partially replacing cement

with quartz or ‘clay. Due to the higher cement content for the same w/c, pastes without

additions would be expected to exhibit greater pore volume and higher SSA. However,

blended pastes developed more hydration products per unit of cement (sections 3.1-3.3),

particularly at early ages, which reversed this trend (Figure 12, 3 days).

The results confirmed the limited influence of the type of addition on microstructure

development. Pore size distribution curves exhibited similar configuration in pastes

containing quartz and clay (Figure 12). In PC pastes, the slightly higher pore volume and

SSA in CK compared with CQ were primarily due to the porous nature and larger surface

area of clay particles. The similar reduction in fine pores and corresponding pore refinement



observed in both mixtures between 3 and 28 days (Figure 13) confirmed their similar

hydration behaviour and minimal clay-cement interaction.
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Figure 13 — Cumulative pore volume as a function of pore diameter at: (a) 3'days; (b) and 28 days.

In RC pastes, the little influence of the type of addition was also confirmed. However, RCQ
exhibited a higher proportion of very fine pores, particularly at 3 days (Figure 12), consistent
with its slightly higher hydration degree compared with RCK (section 3.1). Furthermore, as
discussed in sections 3.1 and 3.2, greater ettringite formation was observed in RCQ
compared to RCK, which acted as a space-filling phase while simultaneously increasing
SSA and fine porosity. This likely explained the higher SSA and lower dm in RCQ (Figure
11). At 28 days, the differences between mixes diminished, and the pore size distribution

curves exhibited similar shapes (Figure 13).

The greater early hydration (section 3.1), higher proportion of fine pores, and larger SSA
observed in CK compared to CQ (features not observed in RC pastes) further suggested

that clay was more effectively dispersed in PC pastes.
3.6 Scanning electron microscopy (SEM)

SEM images indicates that the microstructure of the paste containing RC (RCK, Figure
14a,c) was denser than that of the PC paste with the same w/c (CK1, Figure 14b,d). As
discussed, the porous nature of RC reduced the effective inter-particle spacing at a given
w/c ratio, bringing particles closer together. Consequently, a more densely packed structure

with refined porosity was achieved in RCK than in CK1.
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Figure 14 — SEM micrographs of CK1 (left) and RCK (right). RCK exibited a denser pore structure with reduced
inter-particle spacing compared to CK1: 12 h (a, b); 1 day (c, d).
Recycled cement exhibited a high rehydration capacity from early ages, forming the same
types of hydration products as-those observed in PC pastes. At 12 h, hydrated aluminate
phases (AFt and AFm) predominated (Figure 14), as the a'v—C2S polymorph in RC was
more effectively consumed after 1 day (section 3.2). In contrast to previous studies [45,46],
abundant ettringite was detected from early ages (Figure 14,Figure 15). These hydrated
products were mainly formed next to RC particles of high surface area. After 1 day, the
accelerated hydration resulted in a more cohesive microstructure with apparently reduced
pore connectivity compared to CK1 (Figure 14c,d). Over time, the hydration products
progressively filled the inter-particle space, bridging particles and forming a continuous

matrix composed of a complex mix of AFm, AFt, and C—S—H phases (Figure 15).



Figure 15— SEM micrographs: (a) RCK at 28 days; (b) RCQ at 3 days.

Individual quartz or kaolinite particles were not easily distinguishable'in SEM micrographs,
as they were largely covered by or embedded within hydration products and well-integrated
into the hydrated matrix, particularly at later ages. Most particles ¢an only be identified by
EDS, due to their high Si and Al contents, as well as the presence of K in illite/muscovite.
In regions where clay particles were apparent, especially at early ages or within weaker
zones, hydration products appeared to nucleate and grow at particle edges or other
defective sites, as also reported by Liu et al. [10] (Figure 15 and Figure 16a—d). These sites
of unsaturated chemical bonds can enable cation exchange and promote the deposition
and growth of hydration products. Nucleation on clay particle surfaces was evident from the
early stages of hydration (Figure 16a,g,h), with hydration products precipitating and growing
near kaolinite and illite particles rather than within the inter-particle space (Figure 16g,h).
While some clay sites were coated with bound hydration products, others appeared
relatively clean or disconnected from them (Figure 16c—e). As expected, detected particles
were less covered by hydration products, as they coincide with the fracture surface. Some
instances show that hydration products were interposed between clay sheets, contributing

to the cementation and stabilisation of flocculated clay particles (Figure 16e—g).
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Figure 16 — SEM micrographs illustrating clay—cement interactions: (a) hydration products on the edges of clay
surface (RCK at 12 h); (b) stacked clay aggregates coated with hydration products (CK at 28 days); (c) clay
aggregate partially covered by hydration products (CK1 at 12 h); (d) illite sheets with hydration products precipitated
on edges (CK1 at 12 h); (e) illite sheets intercalated and coated with hydration products, well interspersed within the
cement matrix (CK1 at 12 h); (f) lllite particles embedded in the RC paste, with good interfacial affinity (RCK at 12 h).



Figure 16 (cont.) — SEM micrographs illustrating clay—cement interactions: (g) hydration products nucleated and
grown on the surfaces of kaolinite and illite particles (CK1 at 3 days); (h) heterogeneous nucleation of hydration
products on clay surface (RCK at 12 h).

In accordance with sections 3.1-3.3, the formation of hydration products resulting from
possible chemical reactions between kaolinite and cement was not significant. The slight
reduction in CH content observed in mixtures containing kaolinite compared to the
reference pastes without clay (section 3.1) was likely associated with the formation of
limited surface products (C—S—H, C—-A-S—H), as also reported by Mengliang et al. [24] for
bentonite-containing pastes. This effect was more pronounced in PC pastes, which may be
attributed to a better dispersion of clay particles in this system. Indeed, as illustrated in
Figure 17, PC pastes exhibited a more homogeneous and less agglomerated

microstructure than their RC counterparts.

SE MAG: 1000 x HV: 16.0 kV SE MAG: 1000 x HV: 20.0 kV

Figure 17 — SEM micrographs at 12 hours: (a) CK; (b) and RCK.

It is suggested that the high-water demand and irregular morphology of RC particles hinder
the effective dispersion of kaolinite, thereby reducing its available surface area and



nucleation ability. This may explain the slightly reduced effectiveness of kaolinite in

accelerating hydration in RC pastes compared with PC pastes (sections 3.1-3.3).

In summary, the hydration products exhibited good affinity for both quartz and kaolinite
surfaces, progressively embedding the particles and filling the inter-particle spaces,
regardless of the binder type. The high hydration capacity and appropriate bonding
properties of RC are thereby confirmed, enabling the development of a dense and cohesive

microstructure that is not adversely affected by clay—cement interactions.
3.7 Mechanical strength

As mentioned, due to its high water demand, RC pastes were prepared with higher w/c
than PC pastes, resulting in lower fresh density and reduced mechanical strength (Table
7). Partial replacement of either PC or RC with quartz or clay led to an increase in fresh
density and a reduction in workability, owing to the decrease in the w/b at constant w/c. The
loss of workability was more pronounced in pastes containing clay than in those with quartz,
reflecting the higher SSA and interparticle porosity of the clay. Consequently, clay-
containing pastes showed slightly lower compactness, with a higher volume of voids,
particularly when combined with RC (Table 7).

For these reasons, in pastes with equal w/c (CK1 vs. RCK), the use of RC led to a marked
reduction in workability and an ‘increase in the volume of voids. Nevertheless, the
compressive strength of RCK was consistently higher than that of CK1 at all testing ages
(Figure 18). This outcome corroborates the slightly higher hydration capacity and the more
refined microstructure developed in RCK compared with CK1, as discussed in sections
3.1-3.4. The strength difference was more pronounced at early ages, which can be
attributed to the fast reactivity of RC and the formation of a densely packed microstructure
with reduced inter-particle spacing (sections 3.1 and 3.4). Similar trends have been
reported in previous studies [45,94,113]. In contrast to the findings of Bogas et al. [46], the
long-term compressive strength of RC pastes remained higher than that of PC pastes with
the same w/c. On the one hand, the hydration rate of PC pastes tends to decrease at high
w/c (section 3.1). On the other hand, although Zhang et al. [77] suggested that compressive
strength may be limited by the porous nature and lower bearing strength of RC particles,
this effect became less relevant in pastes with high w/c, where strength is mainly governed

by inter-particle porosity. In addition, RC pastes exhibited a pronounced strength gain



between 1 and 3 days, in agreement with the trends observed in the TG (section 3.1) and

XRD (section 3.2) analyses.

Table 7 — Fresh and hardened properties of cement pastes.

Mix wic (o]} Vv  Spread Flexural strength, fctm (MPa) Compressive strength, fcm (MPa)
(kg/m3) (%) (mm) 12h 1d 3d 7d 28d 90d 12h 1d 3d 7d 28d 90d
C 0.5 1779  0.78 191 087 171 278 6.74 677 710 24 65 133 29.6 36.3 403
RCP 1.0 1458  2.84 204 021 082 148 178 224 266 05 29 6.8 78 109 125
cQ 0.5 1887  0.42 180 1.23 391 530 6.31 723 863 4.8 159 271 36.7 508 527
RCQ 1.0 1554  2.37 185 028 095 176 193 228 252 09 4.1 77 97 129 145
CK 0.5 1888 0.68 175 169 322 453 474 620 711 7.0 184 264 346 46.6 496
RCK 1.0 1529  4.20 155 0.37 088 1.74 218 251 277 11 39 85 94 127 133
CK1 1.0 1579 1.29 234 NP 070 152 NP 338 NP NP 18 42 NP 9.1 NP
w/c — water to cement ratio; pr — fresh density; Vv — volume of voids; NP — not performed
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Figure 18 — Compressive strength of cement pastes from 12 hours to 90 days: (a) w/c = 0.52; (b) and w/c = 1.0.

Both quartz and clay additions enhanced the mechanical strength, resulting in 28-day
compressive strengths that were 28-39% and 17-18% higher than those of the reference
PC and RC pastes, respectively (Figure 18). Strength gain was even greater at early ages,
reaching 2.4-2.8 and 1.3—1.4 times higher at 1 day, respectively. This effect is primarily
attributed to the filler and nucleation provided by these fine additions. The higher early-age
strength of pastes containing clay, particularly in PC systems, aligns with the hydration
acceleration observed in section 3.1, driven by the high SSA and nucleation capacity of

clay particles.

At 28 days, however, the compressive strength of pastes with clay was 2% (RC) and 8%
(PC ) lower than that of pastes with quartz (Table 7). This reduction was not due to adverse
clay—cement interactions, since hydration was not hindered by the presence of clay (section

3.1) and the cement—clay interface bond was not weaker than that with quartz (section 3.6).



Instead, the slight strength decrease can be attributed to the lower intrinsic bearing capacity

of clay particles, which has greater impact in PC pastes with low w/c and higher strength.

In general, the flexural strength follows the same trend of compressive strength (Figure 19).
However, for a given compressive strength, pastes containing clay tended to display slightly
lower tensile strength. This behaviour can be attributed to the greater sensitivity of tensile
strength to the presence of weaker inclusions compared with compressive strength [114].
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Figure 19 — Relationship between compressive (fem) and tensile (fetm) strength, from 12 hours to 90 days.

4. Conclusions

Clay—cement interactions were -comprehensively analyzed in pastes with recycled cement
(RC) and a kaolinite-rich clay, as well as in Portland cement (PC) pastes for comparison.
Phase development and microstructural evolution were assessed using XRD, TG, NMR,
SEM, MIP, and N2A. The following key conclusions can be drawn:

e Recycled cement showed a high rehydration capacity, with a slightly higher hydration
rate and faster formation of AFm phases than PC pastes at the same w/c. The
predominant phase in RC pastes was a’v—C2S, which underwent substantial hydration
during the first three days.

e Incorporating up to 25 vol % non-expanding clay minerals did not adversely affect
cement hydration. Instead, nucleation effects promoted early hydration compared with
reference non-blended pastes.

e Up to 28 days, no significant pozzolanic reactions occurred between PC or RC and

kaolinite, as confirmed by TG, XRD, and NMR analyses. Minor clay—cement interactions



were observed in PC pastes with lower w/c, likely due to better clay dispersion, confirmed
by NMR, which indicated slightly enhanced formation of C—(A-)S—H in these pastes.

¢ At the same w/c, RC pastes formed a more refined microstructure within the first three
days than PC pastes, reflecting both the rapid rehydration of RC and the development
of a dual microstructural network.

¢ Blended cements exhibited denser microstructures than plain pastes, regardless of the
type of addition. Replacing PC with either clay or quartz led to comparable pore
refinement, suggesting that clay influenced the microstructure mainly through physical
mechanisms. Moreover, kaolinitic clay had negligible influence on long-term
microstructural evolution, with minimal clay—cement interactions, as confirmed by MIP,
N2A, and SEM analyses.

e SEM analysis showed that clay particles provided sites for hydration products to nucleate
and grow, exhibiting good affinity with both PC and RC. Moreover, hydration products
effectively cemented clay particles by interposing between them, with better clay
dispersion observed in PC pastes than in RC pastes.

e Due to its higher water demand and w/c, RC pastes had lower mechanical strength than
PC pastes of similar workability. However, they developed higher mechanical strength
than PC pastes with the same w/c, particularly at early ages. Clay particles enhanced
early-age strength, but slightly reduced long-term strength due to their low load-bearing

capacity, rather than any adverse cement-clay interaction.

In conclusion, recycled cement demonstrated good compatibility with non-expanding clay
minerals, with no detrimental effects on hydration or microstructure development. Its
performance was comparable to that of conventional cement, supporting its use as a more

environmentally friendly alternative for earth stabilisation.
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