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ARTICLE INFO ABSTRACT

Key words: This study presents a method for recovering cement-rich powder from recycled fine aggregates by
Recycled cement rich Powder thermal shock, during which particles are fragmented and spalled due to differential thermal
Re“ﬁ?led fine aggregates stress. When recycled fine aggregates (RFA) are exposed to high temperatures, the cement paste-
Spalling rich boundary between the aggregates is weakened and spalled, liberating cement rich particles
Thermal treatment . . . . .

Recycling due to thermal shock. To investigate this phenomenon, experiments have been carried out by

subjecting fine recycled aggregates to high temperatures ranging from 500 °C to 700 °C at
different residence times. The result suggests that the particles split and crackle due to thermo-
mechanical changes. Following thermal treatment, gentle milling completes the liberation pro-
cess of recycled cement-rich powder (RCP). The composition of the recovered powder confirms
the feasibility of the recovery method. To understand the thermo-mechanical process better,
modelling efforts have been carried out on a spherical concrete particle of known diameter. The
model predicts the temperature profile, residence time and radial stress inside the particle. Ac-
cording to the model, a 2 mm particle experiences a radial stress high enough to overcome the
tensile strength of the concrete within 35 s, causing cracks due to the thermal gradient created
between the inner and outer surfaces of the particle. These predictions have been verified by
experimental results in the laboratory. This approach not only enhances recovery of RCP but also
promotes sustainable construction practices.

1. Introduction

Recycling of concrete is gaining more attention not only due to the environmental concerns related to generating and accumulating
concrete waste but also due to its enormous potential as a source of raw materials for the construction sector. Nowadays, the use of
recycled coarse aggregates is practiced widely to produce sustainable concrete [1-3]. Consequently, recycling concrete facilities
existing today aim to crush and sell the coarse aggregate fraction. Nevertheless, only a little effort is made to recycle or upcycle the fine
fraction [4,5]. This is due to the fact that Recycled Fine Aggregates (RFA) are composed of mortar and other contaminants that require
extra effort to separate cement paste from aggregate surface. These problems, added to the lack of technologies and market, make their
application less practical for concrete structures. As a result, their application has been limited to road base aggregates or land filling
[6,7]. Indeed, addressing such a complex problem necessitates careful research, technological advancement, and collaboration be-
tween researchers, industry stakeholders, and policymakers. Understanding and tackling these challenges would help to develop
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efficient recycling processes and promote the widespread use of RFA. This does not only mitigate the environmental issues related to
concrete wastes but also provide a solution to the prevailing sand [8,9].

Globally, there is a consensus on the need to recycle End-of-Life (EoL) concrete wastes into high-quality raw materials because this
helps to implement an economic model based on circular use of building materials. Now that the construction sector is under constant
pressure towards sustainable construction practices, several measures have been introduced to urge the sector to find sustainable
alternative resources that originate from construction and demolition activities. For instance, in the Netherlands, there are clear
ambitions set by the “concrete agreement (BETONAKKOORD)” which states that 100 % of all concrete residual flows will be recycled at
a quality level that can be used by 2030 in such a way that it can be permanently applied in new concrete [10]. This highlights the
amount of effort necessary to build sustainable technologies beyond laboratory scale to recycle the fine fraction of aggregates and
replace the already depleting natural sand [8]. This ambition has created some innovation in recycling and processing of secondary
raw materials from EoL concrete, [11-14]. Most of which are based on thermal and mechanical methods where the aggregates are
exposed to elevated temperature to weaken the adhered mortar that can be easily removed mechanically by milling [15-17].
Thermo-mechanical activation of recycled cement powder typically involves controlled thermal treatment (~450-900 °C) followed by
mechanical milling to enhance reactivity and repurpose it as a supplementary cementitious material. Some studies report that there is
an optimal thermal window between 400 and 750 °[18,19]. Thermally activated RCP shows significantly improved mortar per-
formance—enhanced compressive strength and denser microstructure—compared to unmodified [20,21]. The improvements stem
from the breakdown of hydration products (e.g., C-S-H), which form more reactive, partially dehydrated phases. According to Fu et al.
[22], the cracking of concrete upon heating is caused by an incompatibility of thermal expansion of the aggregate and the cement
paste, resulting in high traction stresses in the inter-phase transition zones and the development of local micro-cracks. Gawin et al. [23]
also studied that the strength loss of concrete with temperature is attributed to cracks that appear during chemical transformations of
concrete during dehydration and decomposition of phases. Mechanical grinding post-thermal treatment increases specific surface area
and particle reactivity, further aiding hydration kinetics and densification [18,21,24]. Thus, thermo-mechanical activation represents
a promising route for valorizing RCP into viable low-carbon binders.

Although thermo-mechanical recycling methods improve aggregate quality through the liberation of mortar from the aggregate
surface, they have notable disadvantages. These include high energy consumption, increased CO- emissions, and equipment wear,
making the process environmentally and economically expensive [25]. The challenge lies in finding an economical method to recycle
fine aggregates that preserves the integrity of the recycled sand while simultaneously recovering the cement-rich powder. Thus,
thermal shock-based methods could offer several advantages over conventional soak-based thermo-mechanical methods that require
prolonged high-temperature exposure [5,18,26]. Thermal shock relies on rapid heating to induce internal stresses that selectively
crack the aggregate—paste interface. This approach is faster, more energy-efficient, and results in lower CO: emissions, since it avoids
long furnace cycles.

The effect of thermal shock on the cement paste matrix, however, is not clearly understood. According to Alonso et al.[27], CSH
starts decomposing at temperatures as low as 100-250°C and the rate of decomposition dramatically increases after 560°C [28]. The
cracks, the pore pressure, shrinkage, and other phenomena observed when concrete is exposed to high temperatures are indications of
the weakening of the cement matrix in one form or another. Recycling large concrete chunks by heating to high temperatures may not
be economical, as the cost of energy often outweighs the final aggregate value. Instead, it is advisable to separate the fine fraction
(0-4 mm) where most of the hydrated cement phase is attached to and then expose to thermal shock for a short period of time. This
approach is considered viable due to its practicality to thermally treat fine particles within shorter residence times, thereby enhancing
energy efficiency. The approach, however, requires creating sufficient thermal gradient and stress to liberate the particles that have
been glued together by cement but not so high that the internal stress breaks the silicate grains.

1.1. Research significance

The recycling of concrete remains an active area of research, primarily due to the challenges associated with effectively recovering
the cement-rich powder from both the coarse and fine recycled aggregate fractions. Studies have shown that recycled coarse aggregates
typically retain approximately 20-40 % of adhered mortar, whereas the fine fraction, comprising particles smaller than 4 mm, can
contain up to 55 % or more of residual cementitious material [29,30]. Although the reuse of recycled aggregates supports resource
efficiency and promotes circular economy principles in the construction sector, the carbon footprint could be significantly improved by
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Fig. 1. Flow chart of the research scope highlighting the targeted processing and separation steps (shown in red broken lines).
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maximizing the recovery of the cement-rich fraction. This is especially important given that cement production accounts for a sub-
stantial share of global CO: emissions. In this context, the present study focuses on the recovery of cement-rich powder from the fine
fraction of crushed concrete that comprises most of the remaining cement paste. The methodological approach and research scope are
illustrated in the flow chart presented in Fig. 1, highlighting the targeted processing and separation steps aimed at optimizing the
recovery of this valuable material.

The subject of this study is, therefore, to examine the right process variables used to liberate and recover cement paste-rich powder
from the fine fraction of recycled aggregates through thermal shock. When fine recycled aggregates are introduced to high temper-
atures, the surface of the concrete begins to expand, but the interior of the concrete remains relatively cool and that drives the particle
to weaken and form micro-cracks. This process can be exacerbated by the presence of moisture within the concrete, which can cause
the water to expand rapidly when heated and contribute to the cracking and spalling. By optimizing the temperature and exposure
time, it is possible to make good use of controlled spalling to liberate RCP from RFA. Under controlled residence time and temperature,
the degree of crackling and spalling is studied by exposing RFA particles to different temperatures, followed by milling. The intention
of this study lies in maximizing RCP yield and not enhancing its reactivity. Furthermore, 1D model has been developed to understand
the process by mimicking similar conditions that may cause thermal shock. The model is verified by experiments carried out under
controlled conditions in an oven.

2. Experiments, material and methods
2.1. Baseline study

In this study, three distinct RFA particle sizes are prepared by sieving, namely, 2-4 mm, 1-2 mm and 0.5-1 mm. Initial properties
of each size class are studied prior to being exposed to thermal shock. These particles are treated in 4 N HCI for a couple of hours [31,
32]. Once the acid reacts with the cement paste matrix, it is decanted and washed with distilled water until neutral pH. The contents
are then filtered using Whatman filter paper ($100 mm). After drying the solid particles retained on the filter paper, the Particle Size
Distribution (PSD) is determined by sieving. An optical microscopic image of recycled sand grains is used to compare the morphology
before and after acid washing. The PSD of samples examined at this stage is regarded as a baseline property and is later compared with
the PSD of heat-treated aggregates.

2.2. Thermal treatment of RFA

These experiments are carried out by placing a steel box of thickness 100 pm inside an oven set at 600 °C. Once the oven tem-
perature reaches a stable reading, particles are placed inside the steel box and then the steel box is quickly placed into an oven. After a
specific residence time of 15, 25, 35 and 40 s, the box is removed from the oven, and particles are collected into a container for
subsequent analysis. The process is repeated until enough sample is collected for further study. The temperature of interest is 600 °C-
700 °C. The temperature inside the steel box is monitored with an IR thermometer as shown in Fig. 2. The products are further analyzed
to examine the liberation/breakdown of particles. In this experiment, the conditions are better defined and are used to validate the
model.

Visualizing

hole

Fig. 2. Experimental setup for experiments in an oven along with an IR thermometer to measure the temperature inside the steel box.
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2.3. Milling experiments

Milling experiments are carried out after the particles have been subjected to thermal treatment. The main intention of this
experiment is to further liberate cement paste particles that have been weakened by spalling. For this purpose, 8-12 mm steel balls are
used inside a horizontally rotating cylinder. The mass proportion of balls to sample is 5:1. Milling has been conducted for 5, 3, 2 and
1 min with the intention of optimizing the milling time.

2.4. Composition of RFA (Ca0/Si02)

This experiment aims to understand the role of thermal treatment in liberating cement paste from RFA by monitoring the
composition of each particle size before and after thermal treatment. Since CaO and SiO- are the major cement components, tracking
these values can give evidence about the changes in composition before and after thermal treatment. To this end, the composition of
the fine aggregates is determined by pulverizing each sample into powdered form and analyzing by XRF (PANalystical, epsilon3-XL).
Similarly, the composition of thermally treated particles is determined by sieving and pulverizing the particles retained on each sieve.
A disc mill is used to pulverize particles into powders of particle size less than 125 pm. The composition of each sample is determined
with XRF, and this is used to monitor the variations in the amount of CaO or SiO; after each process. In general, the trend in
composition gives vital information about the amount of CaO and SiO along with each particle size.

2.5. Performance of RCP in mortar

This study aims to assess the reusability of RCP by partially substituting cement at 10 %, 15 %, and 20 % replacement rates in a
mortar. A control mix (Ref) and three experimental mixes are prepared using a fixed sand-to-binder ratio (3:1), by adjusting the slump
within the range of 110-130 mm. The consistency of the mortar is performed according to NEN-EN 1015-3. CEMIII has been used as a
binder. Mortar prisms (40 mm x 40 mm x 160 mm) are cast and cured under controlled conditions in a curing room (>95 % RH, 20
+ 2°C). Four prism samples are prepared, namely Ref, RCP_10, RCP_15 and RCP_20 that contain 0 %, 10 %, 15 % and 20 % RCP,
respectively. The mix design is shown in Table 1. The prisms are tested for compressive strength at 2, 14, and 28 days per EN 196-1,
with three replicates per mix. This data will help to compare strength development over time and determine the optimal RCP sub-
stitution rate without compromising the performance.

2.6. Modelling study

Several experimental and numerical studies have investigated spalling mechanisms [2,3], but simplified predictive models remain
valuable for engineering applications. This work develops a numerical model that couples heat transfer and stress development to
predict crackling in a concrete particle. For this, a 1D model is proposed to better understand the behavior of a concrete particle in a hot
surrounding. The model is built to estimate the thermal stress within the concrete particle, when the particle surface is exposed to
higher temperatures. A moist and microporous spherical concrete particle of moisture content 6 % by weight is assumed for this study.
The particle is exposed to hot surroundings, as shown in Fig. 3.

As a crude (conceptual) model, some assumptions are made during the development of the model. Some of these are discussed
below:

1. The moist particle first heats up due to the transfer of heat by convection and radiation, to a temperature of T, 2100 °C, at which
the internal moisture starts to vaporize and expand.

2. Then, in a second phase, the moisture inside the particle boils away from an internal boundary r =R, (t) between the moist inner
part 0< r < Ry, (light grey) and the dry outer part R, < r < R (white) of the particle.

3. In the second phase, the heat delivered to the particle is primarily used to evaporate the moisture, i.e., only a small, insignificant
part is used for heating up the dry outer part and the escaping water vapor to temperatures higher than Tj. In this phase, the
pressure inside the particle remains approximately atmospheric and the boiling temperature is roughly T;, = 100 °C.

4. In a third phase, the dry particle surface is heated to higher temperatures, bounded by the temperature of the heating media.

The above conditions are satisfied for small particles (< 4 mm) that are heated fast but not so fast that extreme gradients develop
inside the particle. This is an interesting regime, since the application requires sufficient gradients and stress to liberate the cement
paste, but not so high that the internal stress destroys the silicate grains themselves. In addition, it is the aim to keep the overall

Table 1

The composition of mortar mix design.
Sample CEM III RCP Sand Water
Reference 450 g 0g 1350 g 225g
RCP_10 405 g 45¢g 1350 g 236 g
RCP_15 3825¢ 67.5g 1350 g 245 g
RCP_20 360 g Pg 1350 g 252 g
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Surrounding
Hot Air

i
Fig. 3. Temperature distribution in a moist particle exposed to a hot surrounding (conceptual model).

(average) temperature (and surface temperature T;) of the particles as low as possible to minimize energy consumption.
The governing equation for the transient heat transfer equation in a spherical coordinate given as:
oT o°T 20T
——_plZ=—4+2== 1
o (ar2 tr ar) m
Where, T is the temperature, t is time, r is the radial position, and D is the thermal diffusivity. Boundary conditions include, at surface
(r=R): —k%Z|_p = h(Tw —T(R,t)) +0¢(T% —T¢) and at centre (r = 0): %|,_, = 0 [33]. Where h is the convective heat transfer coef-
ficient (W/m?K), ¢ is Stefan-Boltzmann constant, e is emissivity, T, is the ambient temperature (600°C).
The above equation is solved numerically using finite difference methods, with appropriate time-stepping to capture rapid tem-
perature changes. With the above conditions, at time ¢, a temperature profile T(r,t), 0 < r < R inside the particle is dictated by the
moist boundary radius r = Ri,(t)[m] and the rate of heating the particle surface Q(t)[W]:

Ty 0<r<Rn

T e () RecreR

(2)

According to Fourier’s law [34], the heat flux Q(t) = 4r*A%L for all R, < r < R within the approximation. Here, 4. = 1.2 W/m°C is
the thermal conductivity of the (dry) concrete [35].
The particle surface temperature is given as:

Table 2
Constants and known values used in the model.
Symbol Description Approx. value
Pe Density of the dry concrete [kg/m’] 2000-2200
m Moisture [%] 6
Mg Mass of steam [kg]
my, Mass of water [kg] -
Cps Heat capacity of steam [J/kg°C] 2000
Cpe Heat capacity of concrete [J/kg°C] 1000
Cow Heat capacity of water [J/kg°C] 4200
Hyap Heat of vaporization [MJ/kg] 2.26
Ty Boiling temperature [°C] 100
Ac Thermal conductivity of dry concrete [W/m°C] 1.2
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Q1 1
Lo =T+ am, Ra(t) R @)
The cumulative heat absorbed by the particle is:
47R? 4
Qun(®) = g~ (Goe+ MGpu) T + py (R~ R JmHoay “@

Where, the values of constants used in the model are given in Table 2.

It is proposed that spalling occurs when the tensile strength of the material at some radius of the particle is exceeded by the
mechanical stress caused by the thermal expansion of the dry shell of the particle. According to Toshiaki Hata [36], heating a solid
sphere of radius R made from a homogeneous material with constant Young’s modulus (E) and poisons ratio (v) to radially symmetrical
temperature distribution T(r,t) at a time t produces a displacement (deformation) u(r, t) described by:

1-vo[l oo oT
o 0] =y

()

Where the parameter a(1/K) is the constant linear thermal expansion coefficient of the material. Solutions of this equation are regular
atr =0:

r

u(r,t) = 8 ; :) Blr / aT(r, H)r*dr + Ci (6)
0

=

Ci is a constant determined from boundary conditions. The corresponding radial (6,) and tangential (o,) stresses for a spherical
symmetry are given as:

E Jdu u

T A1) - 20) {(170)5+2”?7(1+U)(ﬂ] 7
E ou u

= G - (e | ©

or, considering that o,(R,t) = 0:

o = % X(R.0)~X(r,1)] @
00 = 31 ) KR+ K(r,0) ~ 3X(r. 1) 4o

with X(r, t) representing the expansion with respect to a constant reference temperature, the boiling temperature of moisture is chosen
as a reference:

X(r,t) = a[T(r,t) — Tp] an
The average sign indicates the volume-average of X(r, t) from the centre to radius r:

- Jo 4xr?a[T(r,t) — Ty |dr'

X(r.t) = PPy (12)

In order to account also for the effect of radial variations in the moisture concentrations and corresponding volumetric expansion/
shrink, we add u[m(r,t) —mq | to the term a[T(r,t) — T} ] in the result by Toshiaki Hata [36]:

X(r,t) = pm(r,t) —mg | +a[T(r,t) — Ty ] (13)

X(r.t) = & 4zr{um(r, t) 74n7:: 3]/; a[T(r,t) — Ty] }dr

14)

Now, considering a condition where the moisture is instrumental in keeping the core temperature low, while at the same time, the
temperature in the dry outer shell increases to the point where the outer shell expands so much that the core breaks loose from the shell
as a result of tensile stress. This condition is interesting for industrial applications. The equations of physics also allow other solutions,
e.g., where most of the heat is used for heating the dry concrete, or where heating is so slow that all the moisture evaporates without
reaching a stress that breaks the particle. The equations derived below may not hold for such limits, but this is not the objective here.

The contribution of temperature fluctuations to the stress term X(r, t) is:
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0 0<r<Rn
Xr(r,t) =4 aq()R2 (r R2 3 (15)
“m_2) R, R
LA (Rm tor 2) srs
Including the effect of moisture, it can be rearranged as:
0 0<r<Rn
X(r)=1{ agt)R2 (r R%, 3 R} (16)
e ~-m) Rn R
ZA (O (Rm T o 2) #Mo < r ) sre

Since X(r,t) = 0 inside the core, the tensile stress in the core is given by:

"3 RO =51y {Z‘ﬁ?f;}z (R% -5 2) ~Hmo (1 ‘i_) }

INPUT PARAMETERS:
= Particle geometry (D=2mun)
= DMaterial properties (=12 W/m°C E=30 GPa)
= Initial conditions (T=20°C, moistur e=6%)
=  Boundary conditions (T~ T»=600 °C)

|

DISCRITIZATION:
= Particle (Ar = D/N)
= Time (tisg = t;+AL)

SOLVE GOVERNING EQUATIONS:
= Heat transfer
= Update moisture front, R.(t)
= Stressequations ¢ (1,t)

&
<

Continue to the next
time step

Ismax (¢ (r.t)) = 6_concrete tensle strength?

OUTPUT RESULTS:
= Temperature profile T(r,t)
=  Stressdistribution c(r.t)
= Noisture front evolution R..(t)
= Failure time prediction

Fig. 4. Flow diagram of 1D thermo-mechanical model for concrete particles under thermal shock.
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2F 1R, R, R}
,m{a(Ts(t)fTb)(lfii(lJri))f/tmo(17¥>} a7
Finally, Ry, (t) needs to be computed as the dry shell increases to the point of spalling. This is governed by the equation given as:
d [4n 3| _ 2 d-Rm _ 2 (t)
mop AH = {?Rm} = moPCAH4ﬂRmT = —4aR A0 (18)

The parameters a[1/K], E[Pa] and v are the linear expansion coefficient, Young’s modulus and Poisson’s ratio for concrete,
respectively. Based on literature data [37,38], the values are given as, @ =12 x 107®1/K, E= 26 GPaandv = 0.17. The value for
the moisture expansion as a result of moisture content is estimated as, u = 34 x 107 [39,40].

Thus, the particle will disintegrate or fail when 6; > 6concrete Within the core of the particle. The limit 6concrete iS @ material-
dependent parameter, typically representing the tensile strength of a concrete. The literature suggests a value of 2-8 MPa [38,41].

In general, the above one-dimensional thermo-mechanical model provides a framework for predicting the thermal and mechanical
response of concrete particles subjected to rapid heating. The transient temperature distribution within the particle is obtained by
solving the radial heat conduction equation in spherical coordinates. The flow diagram for the mathematical computation process is
shown in Fig. 4.

3. Result and discussion
3.1. 3.1 Baseline study on the property of input RFA

Since the objective of this study is to recover the cement paste embedded within the fine aggregates (0.5 -4 mm), the ultrafine
fractions (<0.5 mm) are not included in this study. To understand the initial properties of the input (reference) material, firstly, the
physical property and the composition of the reference sample are studied. Under the microscope, most RFA are observed as ag-
glomerates of smaller sand particles glued together by cement paste. This can be seen in Fig. 5 (A). The composition of these aggregates
is examined using XRF spectroscopy (PANalystical, epsilon3-XL) after being pulverized into powdered form. The major oxide
composition of the input RFA sample is given in Table 3. As can be seen in the table, even though the major composition of these
aggregates is silica (SiO2), a significant amount of CaO and other oxides are still embedded within the aggregates.

When these reference particles are washed with 4 N HCI for about 3 h, most of the cement paste gets dissolved and thus, the sand
and other fine aggregates appear to emerge as the real aggregates that had been glued by cement. Fig. 5 (right) shows the microscope
image of acid-washed RFAs. Here, it can be assumed that this was the original composition and grain size of the sand fraction.

The PSD of the acid-washed aggregates is then examined by sieving (NEN-EN 933-1) and is shown in Fig. 6.

Based on the PSD of acid washed aggregate samples, recycled aggregates categorized as 2-4 mm, 1-2 mm and 0.5-1 mm are a mix
of different sized sand aggregates glued by the hydration products of cement. Thus, for 2-4 mm particles, 52.7 % of the input sample
has smaller grains than the initially designated particle size. Similarly, 53.6 % of the 1-2 mm and 35 % of the 0.5-1 mm particles are
composed of smaller sand particles that are liberated due to the dissolution of cement paste by acid. It is believed that when recycled
particles are exposed to the right thermal conditions, they will disintegrate into similar pieces of sand grains with PSD that resemble
the acid-washed particles. Thus, under perfect spalling conditions, the PSD of acid washed particles and thermally treated particles
could be assumed similar. In reality, not all recycled fine aggregates are expected to spall completely because optimum thermal
conditions may vary depending on the size of particles.

Fig. 5. Optical microscopy image of RFA (A) and the same RFA after being washed with acid (B).
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Table 3
Composition of the major oxides for the input RFA reference samples.
Sample SiOy CaO Al,03 Fe,03 K20 SO3 MgO Others
0.5-1 mm 74.07 16.15 4.69 2.14 0.92 0.62 0.87 0.54
1-2 mm 70.23 18.5 5.46 2.97 0.94 0.72 1.08 0.1
2-4 mm 68.86 19.2 5.62 3.12 0.92 0.61 1.07 0.6
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Fig. 6. PSD of recycled fine aggregates (RFA) after being dissolved in an acid.
3.2. The effect of thermal treatment and subsequent milling of RFAs

Introducing RFA to thermal shock results in a breakdown of the agglomerates into smaller particles including cement paste powder.
In this context, spalling is defined as, “the amount of smaller particles liberated due to disintegration of recycled aggregates as a result
of thermal shock.” The newly generated particles have a smaller size than the original particles. Thus, the spalled particles are
identified by sieving the samples after each experiment. Those particles passing the smaller sieve are considered spalled particles and
their mass ratio is used to quantify the degree of spalling. For instance, for 0.5-1 mm samples, all particles are originally retained at a
0.5 mm sieve. After thermal treatment, 25.2 % of the original sample passes a 0.5 mm sieve and these new particles are obviously
generated by the effect of spalling. Similarly, 1-2 mm and 2-4 mm RFA particles display 24 % and 17.2 % spalling, respectively. This
shows that the particles get weakened and crackled at the interface between sand and cement paste, generating a different PSD than the
reference particles.

Similar phenomenon has been studied by Annerel et al. [2], where the appearance of micro-cracks at the interface between ag-
gregates and cement matrix is observed using polarizing and fluorescence spectroscopy. Since the cement paste matrix is weakened by
the thermal shock, further milling helps to complete the liberation of sand and hydrated cement powder. Nevertheless, when process
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Fig. 7. PSD of processed RFA samples after milling plotted along with the PSD of the acid-washed input.
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conditions like residence time and temperature are not controlled, the ultimate consequence of spalling could be detrimental and as a
result, the aggregate itself may suffer fracture and crack due to extensive thermal expansion, making the property of recovered sand
weaker. Thus, control over residence time has paramount importance.

By applying a gentle milling using smaller steel balls of diameter 8-12 mm and maintaining a sample to milling ball ratio of 1:5, it is
possible to liberate most cement paste from the aggregate surface. Fig. 7 displays PSD of milled RFA after being exposed to thermal
shock. As shown in the figure, milling of these particles generates more Recycled Cement-rich Powder (RCP). By comparing the PSD of
milled particles with that of acid-treated particles, it is possible to tell the similarity in PSD curves between milled and acid-washed
samples. This comparison is important because the similarity of PSD curves suggests that most cement paste has been liberated
from the surface of particles. Indeed, different sized RFAs may favor different milling times. As shown in Fig. 7, larger fractions
(2-4 mm) favor 2 min of milling time. Similarly, 1 min milling time is preferred for both 1-2 mm and 0.5-1 mm particles. This would
enable to recover 6-10 % of the attached cement from recycled sand grains excluding the amount of cement paste recovered during
preliminary crushing. The powdered fraction (<0.125 mm) generated due to milling is rich in CaO. The composition of this product
resembles cement paste than the aggregate.

The composition of each particle size is determined by pulverizing particles on each sieve and the oxide composition is analyzed by
XRF. The implication of this experiment is to make a simple comparison in the amount of CaO (and SiO3) which may help to un-
derstand the liberation of cement paste from the aggregate particles. As we process RFA the amount of CaO drops, and the aggregates
become clean and rich in SiO». This evidence verifies that a combination of thermal shock with gentle milling is a good combination for
liberating and cleaning the cement paste from the surface of fine aggregates.

Table 4 shows the oxide composition of fine aggregates before and after processing. It is evident that as the RFA sample is processed,
the amount of CaO decreases, while the amount of SiO5 increases across all cases. For instance, for 0.5-1 mm samples, the amount of
CaO decreases from 16.15 % to 4.34 %, and similarly the amount of SiO; increases from 74.07 % to 90.03 % which may be interpreted
as the liberation of cement paste from the surface of the fine aggregate. The same trend is observed in the other test cases.

On the other hand, the composition of RCP has been analyzed and is found to be rich in calcium oxide (CaO) and silica (SiO3). This
fraction has the potential to replace part of cement in the production of concrete. Several studies suggest that such cement-rich powder
can be used to partially replace cement in a mortar without compromising its strength [42,43]. This study also confirms an optimum
replacement level of 15 %. However, achieving a high level of replacement may necessitate additional processing of the powder, such
as high-temperature treatment accompanied by milling, to enhance its properties. Nonetheless, utilizing RCP as an alternative raw
material in the production of cement presents a viable and practical solution [29]. A comparative comparison in oxide composition of
RCP and CEMIII is given in Table 5. The composition of RCP clearly differs from that of cement, particularly in its calcium oxide (CaO)
and silicon dioxide (SiO2) content. The high silica levels may be attributed to the milling process.

3.3. Performance of RCP in mortar

Since the objective of this test is to evaluate the reusability potential of RCP recovered through thermal shock, the consistency of the
mortar has been kept similar for all mixes by adjusting the workability with water. For this, extra 5 %, 9 % and 13 % additional mixing
water is utilized for RCP-10, RCP-15 and RCP-20, respectively. The water absorption of RCP is usually higher than that of conventional
cement [21,44]. This higher absorption capacity means that RCP particles absorb a portion of the mixing water during the preparation
of mortar, reducing the amount available for cement hydration and lubrication of the mix. In mortar mix design, this necessitates
adjustments to maintain desired workability. Adding more water to compensate for RCP’s absorption directly influences strength
development by increasing the effective water-to-cement (w/c) ratio, which may dilute the cement paste and create excess pores
during hydration [20]. This could lead to reduced compressive strength. As shown in Fig. 8, the compressive strength results indicate
that a 15 % substitution of RCP yields the most favorable performance, demonstrating higher early-age strength and comparable
28-day strength relative to the reference mix (Ref). Interestingly, both the 10 % and 20 % RCP mixes exhibited lower strengths (and
higher standard deviations), making the performance peak at 15 % substitution particularly notable. While the exact mechanism
remains unclear, this enhancement could be attributed to either accelerated hydration kinetics or a reactive filler effect from the RCP
particles. However, the composition of RCP shown in Table 5 tells the potential of the RCP and the need for further processing to render
the required reactivity to achieve higher rates of cement substitution. Enhancing the composition and morphology of RCP and opti-
mizing its replacement level in mixes could result in a more sustainable construction material with improved mechanical properties.

3.4. Modelling study

The model, in general, tries to predict the particle temperature history and residence time necessary to weaken and fracture the fine

Table 4
The average composition of the RFA before and after thermal processing and milling.
Sample 0.5-1 mm 1-2 mm 2-4 mm
SiOy CaO SiOy CaO SiO, CaO
Input RFA (Reference) 74.07 16.15 70.23 18.5 68.86 19.2
Thermal Processed RFA 78 12.5 72.53 16.11 71.59 17.16
Thermal Processed RFA + milled 90.03 4.34 83.67 7.3 76.12 12.83
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Table 5
The composition of RCP compared to CEM IIL
Sample Si0, CaO SO3 Fe,03 Al,03 K20 MgO clr Others LOI
RCP 50 32 4.7 3.9 4.16 1.03 0.85 0.05 0.21 3.1
CEM III/A 42.5 26 51.9 3.2 3 7.7 0.8 4.6 0.007 0.8 2
40 -

Compressive Strength (MPa)

14
Time (Days)

@Ref @RCP_10 RCP 15 BRCP 20

Fig. 8. Strength development of a mortar made at different substitution rates of RCP.

aggregates during thermal exposure. It also shows the distribution of internal stress inside the particle as a function of time. The
application of such model is significant for designing an industrial process that can be used to thermally treat recycled fine aggregates
and be able to separate into clean recycled sand and cement-rich powder.

When concrete is subjected to temperatures higher than 100 °C, the differential strain between the centre and the outer shell which
often shrinks, will initially induce a small compressive stress in the core [22]. As the temperature increases, the compressive stress
becomes insignificant and tensile stress becomes a more dominant force. Based on the literature [2,45], at temperatures above 105 °C,
evaporation and dehydration (i.e. release of chemically bound water) from the C-S-H become significant and at 350 °C dissociation of
ettringite is apparent and as a result, visible interfacial cracks are observed. According to the model, this phenomenon is clearly shown
in Fig. 9 where the shrinkage of the matrix is displayed as negative stress. As the temperature progresses, expansion of the matrix
dominates and is shown as positive stress in the figure. When the radial stress outweighs the tensile strength of the concrete, the
particle is weakened and ultimately fails (spalled). The peak indicated in Fig. 9 is an indication of the average time needed for 2 mm
particles to get spalled when exposed to a processing temperature of 600 °C. The particle temperature history also shows that the
particle’s surface heats quickly and the moisture escapes easily from the surface. However, the heat flow encounters resistance to
diffuse into the particle. This resistance builds a gradient in temperature between the core and surface causing the particle to react in
terms of crackling, weakening, or spalling.

Sensitivity analysis on the model shows that the processing temperature and residence time are directly related. Fig. 10 shows the
relationships between processing temperature and residence time. The higher the processing temperature, the lower the residence time
and vice versa. This means, when the particle is subjected to higher temperature, it experiences thermal shock, leading to quicker
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Fig. 9. Temperature and internal stress for 2 mm concrete particle at a processing temperature of 600 °C.
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Fig. 10. Sensitivity of radial stress (c) at different processing temperatures for 2 mm concrete particles.

spallation. This is due to the big gradient in temperature established between the fast-heating particle surface and the wet internal core.
Thus, when a 2 mm aggregate particle is exposed to processing temperatures of 500 °C, 600 °C and 700 °C, it spalls at 49, 33 and 22 s,
respectively.

3.5. Model validation

Validation of the model is done in two ways. Firstly, based on the model prediction, a residence time of 33 s is chosen for 2-4 mm
particles. Thus, 2-4 mm particles are exposed to 600 °C for 33 s in an oven and then gently milled for 2 min. When the PSD of these
samples is compared with the acid-washed samples, the resemblance in their PSD is used to verify the prediction of the model. Fig. 11
(A) compares the PSD of particles after heating in an oven for 33 s and milled samples (33 +mill). Based on this graph, 2-4 mm
particles generate a PSD that closely matches the PSD of acid-washed samples that are assumed to represent perfectly liberated
particles. This validates the predicted residence time of 33 s for 2-4 mm particles, suggesting effective removal of cement paste.

Secondly, the predicted particle temperature from the thermal model is validated by a series of controlled experiments in an oven.
Validation experiments are carried out by heating 2-4 mm particles in an oven at different residence times (10, 20, 30 and 35 s). The
surface temperature of the particles was measured using a calibrated infrared thermometer. The experimental surface temperatures are
compared to the model-predicted values. The comparison showed good agreement within the expected measurement uncertainty,
confirming that the model reliably captures the thermal response of small particles under high-temperature exposure. Fig. 11(B) shows
the Temperature versus residence time predicted by the model and experimental results. As shown in the figure, the experimental and
model results are in good agreement.

Practically, RFA have a particle size range of 0-4 mm and are often processed all together. The fact that these experiments are
performed at a specific size range and the model being implemented for a single particle size, may suffer some limitations. While the 1D
model simplifies the analysis, complex phenomenon may not be captured properly during rapid heating. Besides, the assumption of
homogeneity in the Toshiaki Hata model [36] may lead to an underestimation of the spalling time. Consequently, concrete being a
heterogeneous material, little deviations are expected from the model prediction. Overall, the results conveyed from this study are a
step forward in developing recycling technologies that would enable to reclaim high-quality recycled sand and cement-rich powder in
an economical and cost-effective way. Taking the inputs from both experimental and model results into consideration, a pilot scale
thermal recycling unit with a capacity of 10 t/h has been designed adn this has been patented under US 2021/0107831A1[46]. The
implementation of process parameters into the newly designed HAS setup is a successful application of experiments and the model.

3.6. Economic and environmental feasibility

This study represents a proof of concept on the thermo-mechanical recycling of cement-rich powder. It is based on the assumption
that recycled cement-rich powder (CRP) could be valorized as a supplementary cementitious material (SCM) or as a filler in blended
binders. This partial substitution reduces demand for Portland cement clinker, leading to indirect CO2z and cost savings. Moreover,
because the method upgrades a waste fraction (RFA) that currently has low-value applications, it adds a potential revenue stream. A
more detailed techno-economic and life-cycle assessment will be required in future work, but initial indications suggest that the
reduced energy demand and resource recovery provide a promising balance between environmental and economic performance.

The thermo-mechanical recycling of cement-rich powder involves energy costs for heating and grinding. The economic viability of
the approach is also supported by the potential for lower overall costs compared to traditional methods that involve heating for longer
residence times [25]. To give an overview of the economic analysis, let’s base our calculation on the amount of energy required for the
process, which is the sum of energy required for thermal shock and the energy required for milling or grinding the fines. Energy
required for thermal shock can be calculated based on the following formula,
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Fig. 11. PSD of spalled and milled 2-4 mm RFA particles compared to acid washed particles (A); and validation of particle surface temperature with
experiments (B).

Qauy = [MwCpwAT] + [MAH,] + [myCp,AT] + [m;Cp,AT) (19)

where the first term (m,, Cp,,, AT) indicates the amount of energy needed to raise the temperature of moisture from room temperature
to boiling temperature (Tp,), the second term refers to heat of vaporization [mAH, |, the third term is to carry the steam [myCp;AT] and
the last term is the amount of heat energy absorbed by the solid particles [m;Cp,AT]. The nomenclature and value of constants is
introduced in Table 2.

Thus, the amount of energy required for thermal shock is 90 kW per ton of input materials (which is 0.09 kWh/kg) and the energy
required for laboratory milling device is about 0.16 kWh/kg. This gives the total energy required for the process to be roughly around
0.25 kWh/kg. In comparison, conventional Portland cement production consumes roughly 0.9 -1.1 kWh/kg; where the thermal energy
required for clinker production (0.8-1.0 kWh/kg) and electrical energy for grinding is 0.1-0.12kWh/kg [47-49]. Thus, RCP recovery
requires about one-fourth of the energy of cement production. From an environmental perspective, producing Portland cement emits
~0.8-0.9 kg CO2/kg, mainly from limestone calcination [49]. In contrast, RCP recovery emits only ~0.2 kg CO2/kg primarily from the
type of fuel used, representing a potential reduction of up to 65 % in carbon footprint. This highlights the energy and carbon saving of
valorizing RCP as a supplementary cementitious material. However, it is necessary to be cautious about the following factors when
carrying out a comprehensive cost-benefit analysis:

— If diesel is used for drying or pre-drying samples, the advantage shrinks.

— Lab thermal-shock experiments can be inefficient at scale. Heat losses and low throughput, increase energy per kg. Conversely,
optimized industrial designs can greatly reduce per-kg energy.

— Laboratory ball-milling numbers are mostly higher than industrial milling; energy depends on target fineness, mill type, and
throughput.

— RCP typically has limited hydraulic performance compared to Portland cement. The net CO2 benefit depends on how much RCP can
replace cement in applications. If RCP is further carbonated to store COq, it could have significant carbon saving potential.

4. Conclusion

Thermal shock is a means by which particles disintegrate when exposed to high temperatures. This method is applied to recycle the
fine fraction of recycled aggregates, which are often sidelined during recycling activities and frequently downcycled as road base
material or landfilled. This study is supported by extensive experiments and model prediction. The study reveals the possibility of
turning Recycled Fine Aggregates (RFA) into clean fine aggregates (recycled sand) and hydrated cement-rich powder by using thermo-
mechanical treatment methods. This is a step forward in recycling end-of-life concrete wastes and helps to close the materials loop in
the construction sector and improve circularity of resources. The main conclusions drawn from this study are:

e When fine recycled aggregates are exposed to quick heat flow rates, the surface heats quicker than it conducts to the inner particle
and it creates a gradient in temperature. This gradient is the driving factor for spalling or disintegration of aggregates that have
been held together by the cement paste. Based on this study, at a processing temperature of 600 °C, an average residence time of
30-40 s is enough for recovering much of the RCP from RFA. Further milling of the heat-treated particles for a maximum of 2 min
completes recovery of clean sand and hydrated cement-rich powder from the fine recycled aggregates. Besides, milling increases
the quality and quantity of recycled cement-rich powder. This method increases the amount of recoverable cement-rich powder
(RCP), but it does not appear to significantly reactivate its hydraulic properties.

A particle model has been developed to understand the stress-related phenomena during thermal treatment. The model is able to
predict the residence time where a particle spalls/weakens upon exposure to a specific processing temperature. In this case, 600 °C,
33s, and 2-minute milling time are considered suitable process variables for recycling at industrial scale. The model has been
validated by experimental results.
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e As thermal spalling can have a detrimental effect on the final property of aggregates, control over the temperature and residence
time is essential. On the other hand, high process temperatures could be advantageous for dehydration of RCP.

e The compressive strength results indicate that a 15 % substitution of RCP yields the most favorable performance, demonstrating
higher early-age strength and comparable 28-day strength relative to the reference mix (Ref). While the exact mechanism remains
unclear, this enhancement could be attributed to either accelerated hydration kinetics or a reactive filler effect from the RCP
particles. Further investigations are recommended to determine whether the early strength gain is driven by supplementary
cementitious material (SCM) reactivity or by physical characteristics like particle packing or filler action.

In conclusion, this research identifies significant variables that may help develop a thermo-mechanical technology that utilizes
thermal shock, milling, and classification methods to reclaim cement-rich powder and recycled sand from RFA. Further study on
the characteristics and properties of recycled sand and in-depth analysis on recycled cement-rich powder will be conducted in the
future.
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