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Abstract

The growing need to reduce the environmental impact of cement production has intensi-
fied interest in alternative supplementary cementitious materials derived from industrial by-
products. In this study, copper slag flotation tailings (CSFT) obtained from the reprocessing
of copper smelting residues were evaluated as a partial replacement of Ordinary Portland
Cement (OPC) in cement pastes.

Six mixtures were prepared by replacing OPC with CSFT at levels of 5-30% by mass,
using a constant water-to-binder ratio of 0.30. Mechanical performance was assessed through
compressive and flexural strength testing at curing ages up to 180 days. Complementary
nondestructive techniques, including ultrasonic pulse velocity and electrical resistivity, were
employed to monitor microstructural development, while thermogravimetric analysis (TGA)
was used to quantify hydration products associated with C—S—H and portlandite.

Results show that CSFT replacement above 20% leads to reduced early-age mechanical
performance of hardened pastes, primarily due to clinker reduction and the low initial re-
activity of the CSF'T. However, progressive strength recovery was observed from 56 days
onward. In particular, mixtures with low CSFT contents (5-10%) approached or matched
the OPC mixtures in mechanical-strength by 90-180 days. TGA results revealed that the
mass loss associated with C—S—H and chemically bound water increased with curing age and
converged across all mixtures at 180 days, whereas portlandite content remained consistently
lower with increasing CSF'T replacement and did not exhibit recovery at later ages.

These findings indicate that CSFT behaves predominantly as a filler material with pos-
sible low intrinsic reactivity, while potentially contributing to delayed secondary hydration
processes at extended curing ages. The decoupled evolution of C—S—H formation and port-
landite content highlights the importance of extended curing evaluations when assessing low-
reactivity cementitious additions. Overall, CSFT shows potential as a sustainable clinker-
reducing component in cementitious systems when applied at moderate replacement levels
and evaluated beyond standard 28-day performance criteria.
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Introduction

The global cement industry faces increasing pressure to reduce its environmental impact due
to the high carbon footprint associated with Ordinary Portland Cement (OPC) production.
Cement manufacturing is estimated to contribute approximately 5-10% of global anthro-
pogenic CO, emissions, largely driven by clinker production and limestone calcination pro-
cesses |1, 2|. In Chile, cement demand has increased steadily over recent decades as a result of
urban expansion and public infrastructure development, with annual consumption exceeding
5.2 million tonnes in 2023 [3]. In this context, the combination of sustained demand growth
and national decarbonization commitments has intensified interest in low-carbon cementitious
systems capable of reducing clinker content without compromising long-term performance.

Supplementary cementitious materials (SCMs) have long been recognized as effective par-
tial replacements for OPC, contributing to improved durability and reduced CO, emissions
associated with concrete production [2, 4|. Traditionally used SCMs include fly ash, ground
granulated blast furnace slag, and silica fume, which exhibit pozzolanic or latent hydraulic
behavior and can enhance mechanical performance and microstructural refinement [4, 5].
However, the availability of certain conventional SCMs—particularly fly ash—has declined
significantly in regions transitioning away from coal-based energy generation |2, 5|. This lim-
itation has motivated the search for alternative, locally available SCMs capable of supporting
cement decarbonization strategies.

Mining by-products have emerged as promising candidates for use as supplementary ce-
mentitious materials, particularly due to their chemical similarity to traditional pozzolans
and their large-scale availability. Chile generates over 500 million tonnes of mining tailings
annually [3], highlighting the potential of these materials as sustainable cementitious con-
stituents. Among these residues, copper slag and its derivatives have received increasing
attention. Copper smelting produces a vitrified slag rich in SiO,, Fe;O3, and Al,O3, phases
that may participate in hydration reactions when appropriately processed |6, 7|. Several
studies report that treated copper slag can act as a supplementary cementitious material,
with optimal replacement levels typically ranging between 15 and 20% [6, 8]. Mechanical or
thermal activation has been shown to enhance reactivity by increasing amorphous content or
reducing particle size [7].

Beyond mechanical performance, the use of mine tailings in cementitious systems has
raised environmental and health concerns related to the potential leaching of trace elements
and heavy metals into soil and groundwater [9]. As a result, recent literature emphasizes
that the evaluation of tailings-based construction materials should not rely solely on me-
chanical characterization, but also consider toxicity-related assessments such as pH, electrical
conductivity, heavy metal content, and standardized leaching tests (e.g., U.S. EPA Method
1311, TCLP) [10]. Recent sustainability-oriented reviews further identify environmental com-
pliance and long-term leaching behavior as key bottlenecks for the large-scale adoption of
tailings-derived SCMs, highlighting the need for clearer regulatory frameworks and extended
assessment protocols [11].

Recent technological advances in the beneficiation of copper smelting residues—particularly
grinding, flotation, and classification—have led to the production of copper slag flotation tail-
ings (CSFT), a fine material with particle sizes typically below 60-75 pm. Beyond chemical
composition, particle size distribution plays a critical role in governing the performance of
SCM-containing systems, as fineness directly influences particle packing, dispersion, and
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physical interactions with the cement matrix [12, 13|. Finer SCMs may act predominantly
as fillers at early ages, enhancing packing density and reducing effective porosity, even in the
absence of significant chemical reactivity [14].

In this context, the reduction of coarse particles and the narrowing of the particle size
distribution—often quantified through parameters such as D50 and D90—are particularly
relevant. Materials with lower D90 values exhibit reduced coarse tails, which may improve
homogeneity and promote more effective physical interaction between SCM particles and
OPC grains, facilitating nucleation and continued hydration [6, 13]. These effects are es-
pecially pronounced in systems where SCMs exhibit limited intrinsic reactivity, as physical
mechanisms dominate early-age behavior.

At the same time, the predominantly crystalline nature observed in the CSF'T by XRD
suggests limited intrinsic reactivity, which raises the possibility of delayed or slow pozzolanic
reactions developing at later curing stages, as reported for low-calcium fly ash and other
moderately reactive SCMs [4, 15, 16]. Suraneni and Weiss emphasized that SCM reactivity
should not be assessed solely through calcium hydroxide consumption, but also through the
evolution of chemically bound water, as these parameters help distinguish inert fillers from
slowly reacting materials [15].

Studies on copper slag-based SCMs report contrasting results depending on chemical
composition, treatment history, particle size, and curing conditions. Some authors observed
calcium hydroxide consumption and long-term strength gains associated with secondary C-S—
H formation |6, 8|, whereas others described copper slag residues primarily as filler materials
with limited early-age reactivity [7|. Similar behavior has been reported for other silica-rich
SCMs, such as rice husk ash or finely ground minerals, which tend to contribute predom-
inantly through physical effects at early ages, with pozzolanic activity emerging only after
extended curing [13, 14, 17, 18|.

The role of the water-to-binder ratio is also critical when assessing the contribution of
SCMs and filler materials. Low water-to-binder ratios are known to amplify physical ef-
fects such as particle packing, dilution, and nucleation by reducing capillary porosity and
increasing the solid volume fraction [12, 13]. Under such conditions, differences in particle
size distribution and fineness become more influential, allowing a clearer evaluation of the
physical and potential chemical contributions of low-reactivity materials. Accordingly, low
w/b systems are particularly suitable for assessing SCMs whose behavior is expected to be
governed primarily by filler-related mechanisms at early ages [14].

Despite these advances, the literature addressing flotation-derived copper slag tailings
remains limited. Most existing studies focus on untreated furnace slags [6-8|, leaving a
knowledge gap regarding the hydration behavior, microstructural evolution, and mechanical
response of CSF'T. It remains unclear whether CSFT should be classified as an inert filler, a
pozzolanic material, or a hybrid system exhibiting delayed reactivity. Given the large-scale
availability of CSF'T in Chile and its potential to contribute to clinker reduction, a systematic
evaluation of its role in cement hydration is required.

The present study addresses this gap by investigating cement pastes in which OPC is
partially replaced (5-30%) by CSFT. A comprehensive experimental program is employed,
including mechanical testing (compressive and flexural strength), nondestructive techniques
(ultrasonic pulse velocity and electrical resistivity), and thermogravimetric analysis (TGA) to
quantify mass losses associated with C-S—H, calcium hydroxide, and carbonate phases. This

CHAPTER 1. INTRODUCTION
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multi-technique approach enables the distinction between physical filler effects and delayed
chemical contributions, providing insight into the mechanisms governing both early- and
late-age behavior of CSFT-modified systems.

Based on the characteristics reported for copper slag—derived materials and other low-
reactivity SCMs, CSFT is expected to differ from conventional highly reactive pozzolans
and to exhibit behavior dominated by physical filler effects at early ages, with potential
contributions developing at extended curing times. In such systems, reductions in early-age
mechanical performance are commonly associated with clinker dilution, whereas progressive
strength development at later ages is linked to continued hydration and, in some cases,
slow secondary reactions. These considerations align with recent frameworks questioning
the adequacy of 28-day strength as the sole performance benchmark for low-reactivity SCMs
[18], and motivate the evaluation of CSFT as a potential clinker-reducing material while
preserving long-term mechanical performance.

CHAPTER 1. INTRODUCTION
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Materials and Methods

2.1 Raw materials

OPC (Type I), supplied by Polpaico Solutions, Chile, was used as the cementitious material
for the primary binder. The cement properties were provided by an official testing report
issued by IDIEM (Investigacion, Desarrollo e Innovacion de Estructuras y Materiales), Uni-
versidad de Chile [19]. Table 2.1.1 summarizes the main physical and mechanical properties
of the OPC used in this study, as reported by IDIEM[19]. CSFT used in this study were
sourced from the Manuel Antonio Matta plant, operated by the Empresa Nacional de Mineria
(ENAMI) in Chile. At this facility, copper smelting slags are reprocessed to recover residual
copper. The process involves a comminution stage (crushing and grinding) followed by a slag
flotation circuit, from which the CSFT is generated as a by-product. A 10-ton pulp sample
was collected from the courier sampling point of the industrial slag flotation circuit. This
bulk sample was transported to the facilities of the IDICTEC (Instituto de Investigacion,
Desarrollo e Innovacion Tecnologica de la Universidad de Atacama) for processing. The pulp
underwent a drying process involving solar drying and decantation of clear water, which
yielded 3.5 tons of dry CSFT. Subsequently, this material was homogenized using the coning
and quartering method to ensure uniformity. The homogenized CSFT was then packaged
into approximately 135 representative samples of 25 kg each. These samples were delivered
to the Department of Metallurgy at the Universidad de Atacama and constituted the CSFT
raw material for this research.

Table 2.1.1. Test results for the OPC used in this study, according to the official IDIEM
report[19].

Test performed Unit  Sample accoP:cei?rlllgl;rs;nlsIIgil 48
Specific gravity g/ml 3.18 > 3.00 g/ml
Specific surface area cm?/g 3150 Not applicable
Standard consistency water % 26.25 Not applicable
Setting time — Initial h:min 03:00 > 00:45 h:min
Setting time — Final h:min 04:00 < 10:00 h:min
Autoclave expansion % 0.02 < 1.00 %
Mechanical strength — Flexural (7 days) kgf/cm? 64 > 45 kgf /cm?
Mechanical strength — Flexural (28 days) kgf /cm? 90 > 55 kgf/cm?
Mechanical strength — Compressive (7 days)  kgf/cm? 431 > 250 kef/cm?
Mechanical strength — Compressive (28 days) kgf/cm? 632 > 350 kgf/cm?
Loss on ignition % 1.1 <3.0%
SOs5 content % 2.67 < 4.00 %
Insoluble residue % 0.5 <15 %
MgO content % 1.5 <5.0%
Mn, O3 content % - Not applicable
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In addition to its physical characterization, the environmental suitability of the CSFT
was assessed through toxicity-related leaching tests. The Toxicity Characteristic Leaching
Procedure (TCLP) was performed in accordance with NCh 2754 (EPA Method 1311)[20, 21|
on representative CSFT samples collected at different stages of the hydrocyclone classifica-
tion process, including two feed samples as well as overflow and underflow fractions. The
concentrations of regulated elements in the leachates were compared with the maximum per-
missible limits for hazardous waste classification. Results showed that all analyzed elements
were either well below the corresponding regulatory thresholds or below the analytical quan-
tification limits, indicating that the CSF'T used in this study does not exhibit hazardous
leaching behavior under TCLP conditions.

The crystalline phases of CSFT were identified by X-ray diffraction (XRD). The analy-
sis was performed using a Shimadzu XRD-6100 diffractometer with Cu Ka radiation. The
resulting diffraction data were processed using X’Pert HighScore Plus software. Phase iden-
tification was guided by the elemental composition obtained from SEM-EDS, and diffraction
peaks were matched against the Powder Diffraction File (PDF) database, with each phase
verified on a peak-by-peak basis. As shown in the XRD pattern in Figure 2.1, the main
crystalline phases identified in CSFT were fayalite, magnetite, quartz, and diopside.

Table 2.1.2. TCLP leaching results for CSF'T samples at different stages of the hydrocyclone
classification process and corresponding regulatory limits.

Sample Ba Pb As Cd Cr Hg Ag Se
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
Feed 1 0.71 0.24 <0.097 <0.031 <0.142 <0.019 <0.141 <0.203
Feed 2 0.74 0.25 <0.097 <0.031 <0.142 <0.019 <0.141 <0.203
Overflow 0.145 0.145 <0.097 <0.031 <0.142 <0.019 <0.141 <0.203
Underflow 0.190 0.190 <0.097 <0.031 <0.142 <0.019 <0.141 <0.203
Regulatory limit 100 5.0 5.0 1.0 5.0 0.2 5.0 1.0
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Figure 2.1. X-ray diffraction (XRD) pattern of copper slag flotation tailings (CSFT). The
main crystalline phases identified are fayalite, magnetite, quartz, and diopside. Symbols
indicate the reference peak positions from the Powder Diffraction File (PDF) database used
for phase identification.

2.2 Processing of CSFT

After collection, the copper slag flotation tailings (CSFT) were subjected to a hydraulic
classification process developed at the Universidad de Atacama using a laboratory-scale hy-
drocyclone pilot plant. Hydrocyclone classification is a well-established particle separation
technology widely applied in mineral processing and waste valorization to reduce particle size
and remove coarse and heterogeneous fractions (22, 23]. In this study, the fine fraction re-
covered from the overflow stream was selected and used for the preparation of cement pastes
incorporating CSFT as partial OPC replacement.

Hydrocyclones operate by generating a high-intensity centrifugal field that separates par-
ticles according to their size, density, and hydrodynamic behavior. While the process is
commonly employed to enrich fine fractions, it is also well documented that the separation
is not purely sharp and that the overflow fraction may retain a certain proportion of coarser
particles, leading to a broader particle size distribution [24-26|. This characteristic reflects
the complex and partially non-deterministic nature of the flow field within hydrocyclones
and is inherent to their operation.

As a result of the classification process, the CSFT exhibited a significantly finer particle
profile compared to the OPC reference, as evidenced by the particle size distribution curves
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presented in Figure 2.3. The classified CSFT showed a D50 of approximately 11.5 pm and a
D90 of about 52 pm, whereas OPC exhibited a D50 of approximately 26.1 pm and a D90 of
about 73.2 pm. These values confirm an effective reduction in characteristic particle sizes and
the removal of a substantial portion of the coarse fraction. At the same time, the presence
of a residual coarse tail in the classified CSF'T distribution indicates that particles of varying
sizes remain after classification, resulting in a wider distribution span, a feature commonly
reported for hydrocyclone overflow products [24, 25].

Scanning electron microscopy (SEM) observations (Figure 2.2) qualitatively support the
laser diffraction results. OPC particles exhibit a comparatively coarser morphology, consis-
tent with their higher D90 value, whereas the classified CSFT shows a predominance of finer
and more angular particles, together with occasional larger grains. This combination of fine
and coarser particles may enhance physical interactions between OPC and CSFT through
improved particle packing and contact during hydration, as reported in previous studies
addressing the influence of particle size and filler effects in cementitious systems [6, 7|.

CHAPTER 2. MATERIALS AND METHODS
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(a) SEM micrograph of OPC powder. (b) SEM micrograph of CSFT powder.

Figure 2.2. SEM micrographs of (a) OPC and (b) hydrocyclone-classified CSF'T powders.
OPC particles exhibit a comparatively coarser morphology, consistent with their higher D90
value, whereas the classified CSFT shows a predominance of finer and more angular particles.
These observations qualitatively support the particle size distribution results and highlight
the morphological differences between both powders.

Juan Ignacio Rodriguez Valenzuela Page 7



FACULTAD DE
INGENIER{A Y CIENCIAS

CHAPTER 2. MATERIALS AND METHODS

100 25
Material
— OPC
—— CSFT (Classified)
801 —— CSFT (Not classified) 20

60

—
9

Differential volume distribution (%)

40

Cumulative passing (%)
=

20

()]

04— — ] : . , —Lo
107 10" 10° 10’ 107 10° 10*
Particle size (um)

Figure 2.3. Particle size distributions obtained by laser diffraction for OPC (black curves),
raw flotation tailings CSFT (red curves), and hydrocyclone-classified CSFT (HCSFT, blue
curves). The cumulative passing curves are shown on the left axis, while the differential
volume distributions are presented on the right axis. Vertical dashed lines of matching color
indicate the corresponding median particle size (D50) for each material. OPC exhibits an
intermediate particle size distribution (D50 & 26.1 pm; D90 ~ 73.2 ym), whereas raw CSFT
shows a coarser profile with a rightward shift of the cumulative curve. In contrast, the
hydrocyclone-classified CSFT presents a markedly finer distribution (D50 & 11.5 pm; D90 ~
52 nm), reflected by the leftward displacement of the cumulative curve and its characteristic
diameters. The differential volume distributions further indicate a broader particle size span
for the classified CSF'T, highlighting the presence of residual coarse particles inherent to the
hydrocyclone separation process. Measurements were performed using a Malvern Mastersizer
2000 laser diffraction analyzer.
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2.3 Mixture design, sample preparation, and curing con-
ditions

2.3.1 Reference CSFT mixtures

Six cement paste mixtures were prepared by partially replacing Ordinary Portland Cement
(OPC) with CSFT at replacement levels of 0%, 5%, 10%, 15%, 20%, and 30% by mass of
binder, designated as OPC, CSFT-05, CSFT-10, CSFT-15, CSFT-20, and CSFT-30, respec-
tively. All mixtures were produced using a constant water-to-binder ratio (w/b) of 0.30. This
relatively low w/b ratio was intentionally selected to enhance the physical contribution of
supplementary cementitious materials and fine fillers. At low water contents, particle pack-
ing, fineness, and dispersion effects become more influential, allowing a clearer assessment
of dilution and filler-related mechanisms associated with CSEF'T incorporation. Additionally,
preliminary trials confirmed that a w/b of 0.30 provided sufficient workability even at the
highest replacement level, while enabling demolding after 24 h.

Mixtures were prepared by first dry-blending the solid constituents to ensure uniform
distribution of OPC and CSFT. Water was then added gradually, and mixing was performed
using an electric handheld mixer for 2-3 min, followed by manual kneading to eliminate
remaining agglomerates and achieve complete paste homogenization.

Fresh pastes were cast into oiled prismatic molds (4 x 4 x 16 c¢m) in two layers. Each
layer was compacted by vibration for approximately 8 s to remove entrapped air. Immediately
after casting, molds were covered with a plastic sheet to minimize moisture loss during the
first 24 h. Specimens were subsequently demolded, labeled, and cured by immersion in water
at 20 £ 2 °C until testing.

Mechanical and durability-related tests were conducted at curing ages of 2, 7, 14, 28, 56,
90, and 180 days. At least three prisms per mixture were allocated for each testing series.

2.3.2 Additional mixtures

Complementary mixtures were prepared to evaluate the influence of thermally treated CSFT
and a commercial natural pozzolan (NP). CSFT was thermally treated at 600 °C, 700 °C, and
800 °C for 2 h in a programmable muffle furnace prior to mixing, using a fixed replacement
level of 20% and the same procedures described above. For the natural pozzolan series, OPC
was partially replaced by 5%, 10%, 15%, and 20% NP supplied by Polpaico Solutions; the
30% replacement level was excluded due to poor mechanical performance observed at higher
substitution levels. All additional mixtures were tested following the same experimental
protocols as the CSFT-based samples, except that TGA was not performed for these series.

2.4 Experimental methods

2.4.1 Non-destructive tests

Surface electrical resistivity was measured using a Proceq Resipod four-point Wenner
probe, in accordance with ASTM C1876 (equivalent to AASHTO TP119)[27]. Measurements
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were performed on the three lateral faces of each prism, excluding the casting surface. One
reading was taken per face, and the average of the three readings was reported as the repre-
sentative resistivity value.All measurements were conducted immediately after removing the
specimens from the curing water. Prior to testing, excess surface water was gently removed
using an absorbent cloth to avoid interference from free moisture.

CHAPTER 2. MATERIALS AND METHODS

Ultrasonic pulse velocity (UPV) measurements were performed in accordance with
ASTM C597 |28] using 54 kHz transducers. The transmitter and receiver were placed on the
4 x 4 cm end faces of the prism, allowing direct pulse transmission along the 16 cm length of
the specimen. The transit time of the compressional wave was recorded, and the ultrasonic
pulse velocity (v) was calculated as:

v=" (2.4.1)

where L is the specimen length (0.16 m) and ¢ is the measured travel time.

Measurements were performed immediately after removing the specimens from the curing
water, following gentle removal of surface moisture. Only readings with a device-indicated
confidence level of 100% were accepted. Three valid measurements were recorded per speci-
men, and the mean value was reported.

Dimensional characterization Prior to destructive testing, each specimen was dimen-
sionally characterized. Length was measured at two locations along the prism axis, while
height and width were measured at three positions (at one-quarter, one-half, and three-
quarters of the length). The measured dimensions were used to calculate flexural and com-
pressive strength according to standard equations, thereby accounting for geometric variabil-
ity among specimens.

2.4.2 Mechanical and physical tests

Flexural strength was determined using a three-point bending configuration, following
the general principles of ASTM C348 [29]. A span length of 100 mm was adopted. Specimens
were loaded under displacement control at a constant rate of 0.5 mm/min using a universal
testing machine until failure.

Flexural strength (f;) was calculated as:

fi= o

where F'is the maximum applied load, L is the span length, and b and h are the measured

width and height of the specimen, respectively. Three prisms per mixture were tested at each
curing age.

(2.4.2)

Compressive strength After flexural testing, each prism was divided into two halves of
approximately 4 x 4 x 8 cm. These halves were tested in compression following the general
principles of ASTM C349 [30], using loading platens adapted to the reduced specimen size.
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Load was applied under displacement control at a constant rate of 0.5 mm /min, perpendicular
to the 4 x 4 cm faces, until failure.
Compressive strength (f.) was calculated as:

CHAPTER 2. MATERIALS AND METHODS

fo== (2.4.3)

where F' is the maximum applied load and A is the loaded cross-sectional area. Six
compression tests were performed per mixture and curing age.

Thermogravimetric analysis (TGA) Additional paste samples were prepared using the
same mixture proportions as the rest of the experimental program and cast into small cylin-
drical molds to produce pellets of approximately 0.4 cm?®. Eight pellets per mixture were
fabricated to cover the target curing ages (2, 7, 28, 56, 90, and 180 days). After 24 h un-
der plastic cover, the pellets were demolded and cured by immersion in distilled water at a
temperature of 20 °C.

At each selected age, one pellet was finely ground, and approximately 20-30 mg of powder
was placed into pre-tared alumina crucibles. Thermogravimetric analysis was carried out
under a pure argon atmosphere, with a constant gas flow of 20 mL/min. Samples were
heated from 22 °C to 1000 °C at a constant heating rate of 10 °C/min.

The mass loss occurring in the temperature range of 390-540 °C was attributed to the
dehydroxylation of calcium hydroxide (CH) and was used to estimate the CH content of
the pastes. Occasional duplicate tests were performed to verify the repeatability of the
measurements.

The CH content was calculated following the stoichiometric approach proposed by Coér-
doba et al. [31], using the molecular mass ratio between calcium hydroxide and the water
released during dehydroxylation:

Mcn

H>O

CH = WL,CH (244)

where CH is the calcium hydroxide content expressed as mass percentage (wt.%), wr, cn
is the mass loss associated with CH dehydroxylation in the 390-540 °C interval, Mcy =
74 g/mol is the molar mass of Ca(OH)q, and My,o = 18 g/mol is the molar mass of water.
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Results

3.1 Compressive Strength

Figure 3.1 presents the compressive strength development of all mixtures as a function of
curing age (Figure 3.1A). The incorporation of CSFT resulted in a dual response governed
by both curing age and replacement level. All CSFT-modified mixtures exhibited reduced
early-age compressive strength (2-14 days) compared to the OPC mixture. This reduction is
consistent with clinker dilution effects and the limited early-age reactivity typically observed
in cementitious systems incorporating supplementary materials, which delays the formation
of load-bearing hydration products at early ages |2, 4, 14]. The most pronounced reduction
was observed for CSFT-30 (black dash-dotted line), with strength losses of approximately
35% at 14 days, whereas CSEFT-05 (red solid line) exhibited average strength differences
of about 6% relative to the OPC mixture over the 2-14 day period, indicating that low
replacement levels exert a limited influence on early-age strength.

Figure 3.1B summarizes the compressive strength at 28 days. Low—CSFT-replacement—
levels (<10%) mixtures achieved strengths comparable to the OPC mixture, whereas mixtures
with higher replacement levels led to a progressive reduction in compressive strength. This
reduction at increasing CSF'T contents reflects the balance between clinker dilution and the
limited contribution of supplementary materials at the standard design age of 28 days, for
which mechanical performance is still dominated by clinker content [2, 4, 14].

At curing ages beyond 56 days, the strength gap between OPC and CSFT-modified mix-
tures progressively decreased. The individual results of the compressive strength of CSFT-05
and CSFT-10 approached, and in some cases matched, the compressive strength of the OPC
mixture by 90-180 days. This progressive reduction in the strength gap at extended curing
ages is clearly illustrated by the compressive strength values at 180 days shown in Figure 3.1C.
The observed strength recovery is consistent with continued hydration kinetics, whereby early
clinker dilution is gradually compensated by microstructural densification at extended curing
ages [4, 15]. In addition, the fine particle size of CSFT (<60 pm) may enhance physical pack-
ing effects, contributing to reduced porosity and supporting the development of load-bearing
C-S-H at extended curing ages |2, 12-14]

Mixtures with higher replacement levels (CSFT-20 and CSFT-30) maintained lower aver-
age strength values throughout the curing period of this work; however, both exhibited clear
upward trends beyond 56 days. Although the reduced clinker content of the mixtures con-
strains ultimate strength development, particularly at high replacement levels where clinker-
driven hydration dominates early-age performance [2, 4|, a sustained strength increase was
observed at later curing ages. The sustained strength development at later curing ages sug-
gests that CSFT may contain slowly reacting phases or promote delayed hydration-related
processes (like create spaces to accomodate hydration products) that progressively contribute
to strength development [14, 15].
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Figure 3.1. Compressive strength of CSFT-modified cement pastes. (A) Evolution of com-
pressive strength as a function of curing age for OPC (black solid line with circular markers),
CSFT-05 (red solid line with square markers), CSFT-10 (blue solid line with triangular mark-
ers), CSFT-15 (green solid line with diamond markers), CSFT-20 (green dashed line with
triangular markers), and CSFT-30 (black dash-dotted line with cross markers). (B) Com-
pressive strength at 28 days for all mixtures, where solid-colored bars represent OPC and low
to moderate CSFT replacement levels (<15%), while hatched bars indicate higher replace-
ment levels (20% and 30%). (C) Compressive strength at 180 days, presented using the same
color and pattern coding as in (B). Error bars represent one standard deviation. Overall, the
results show a reduction in compressive strength at early ages with increasing CSFT content,
while differences between mixtures tend to decrease at later curing ages, particularly for low

to moderate replacement levels.
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Figure 3.2 shows the linear dependence of compressive strength on CSFT replacement
level for each mixture at different curing ages. The negative slopes of the linear adjust-
ment observed at early ages (2-28 days) indicate a strong sensitivity of early compressive
strength to clinker dilution, reflecting the dominant role of clinker-driven hydration during
the initial stages in systems incorporating supplementary materials |2, 4|. As age evolves,
the magnitude of the slope progressively decreases, indicating a reduced dependence of com-
pressive strength of the mixtures on CSFT content at later ages. This behavior is associated
with the progressive development of the cementitious matrix and the diminishing influence
of replacement level on strength as hydration advances [4, 14].

At 180 days, the -0.21 slope indicates that long-term compressive strength becomes in-
creasingly insensitive to replacement level. This attenuation of strength sensitivity reflects
the reduced influence of clinker content on mechanical performance at extended curing ages,
as hydration and microstructural refinement continue beyond early-age stages in systems
containing low-reactivity supplementary materials [4, 12, 15]. From a performance-based
perspective, this trend suggests that defining design strength at later ages may enable higher
levels of OPC replacement by materials such as CSF'T without proportionally penalizing long-
term mechanical performance, in line with frameworks proposed for low-clinker cementitious
systems |2, 12, 14].

CHAPTER 3. RESULTS
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Figure 3.2. Linear trends of compressive strength as a function of CSFT replacement level
at different curing ages. Symbols represent experimental compressive strength values, while
solid and dashed lines correspond to linear regressions fitted for each curing age. Curves are
shown for 2 days (black dash-dotted line with circular markers), 7 days (blue dashed line with
square markers), 14 days (green dashed line with triangular markers), 28 days (red solid line
with diamond markers), 56 days (green solid line with inverted triangular markers), 90 days
(blue solid line with plus markers), and 180 days (black solid line with cross markers). The
progressive reduction in the absolute value of the slope with increasing curing age indicates
a decreasing sensitivity of compressive strength to CSFT replacement level at later ages.

3.2 Flexural Strength

Flexural strength results (Figure 3.3) exhibited high variability across all CSFT replacement
levels, without a consistent or monotonic trend with curing age or CSFT content. The pro-
nounced scatter prevents the identification of a clear relationship between flexural strength
and mixture composition. This behavior reflects the inherently brittle response of unrein-
forced cement paste specimens, whose flexural performance is governed by fracture processes
that are highly sensitive to surface defects, microcracks, and microstructural heterogeneities
[32-34]. In dense, low water-to-binder ratio matrices such as those employed in this study
(w/b = 0.30), localized defects and early-age microcracks can trigger premature cracking
under flexural loading, thereby limiting the reliability of flexural strength as a standalone
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indicator of mechanical performance [12, 33-35]. Recent experimental and analytical studies
have shown that even nanometric or sub-millimetric shrinkage-induced microcracks can sig-
nificantly reduce the apparent flexural strength while having a limited impact on compressive
strength [33, 35|. This explains why the highest variability was observed at early curing ages
(2-14 days), even though compressive strength displayed more consistent and interpretable
trends over the same period. This discrepancy between the highly scattered flexural strength
results and the more consistent compressive strength trends has been documented in ce-
mentitious systems prone to autogenous and drying shrinkage, where restrained volumetric
deformations generate internal stresses that may lead to microcracking prior to mechani-
cal testing [33, 34]. Such pre-existing defects are not uniformly distributed throughout the
material, resulting in unpredictable fracture paths and amplified scatter in flexural strength
measurements, particularly in paste-scale specimens where stress redistribution mechanisms
are limited [32, 35|.

Autogenous shrinkage, driven by self-desiccation in low water-to-binder ratio cement
pastes, becomes significant during early hydration and may locally exceed the tensile ca-
pacity of the material [33, 34, 36]. The interaction of chemical and autogenous shrinkage
mechanisms promotes the early formation of microcracks that strongly govern tensile-related
performance, as demonstrated by recent crack-quantification approaches based on advanced
image analysis and machine learning techniques [35].

Despite this inherent variability, some qualitative tendencies emerged at later ages. By
180 days, CSFT-05 and CSFT-10 exhibited flexural strength values comparable to OPC, sug-
gesting progressive microstructural refinement and improved stress redistribution as hydra-
tion advances [14]. This late-age flexural response is consistent with the compressive strength
evolution previously discussed for low CSF'T replacement levels. In contrast, CSF'T-30 con-
sistently showed the lowest flexural strength across all curing ages. The unstable response
of the tensile strength of the low w/c mixtures presented in this work reflects the dominant
role of defect-related cracking in dense cementitious systems incorporating high levels of low-
reactivity or filler-type materials, where tensile performance is governed primarily by brittle
behaviour of the mixtures [32-34].

The flexural strength results illustrate the limitations of flexural strength testing when
applied to isolated cement pastes, particularly in low w/c mixtures, for which fracture be-
havior is governed by localized defects rather than by bulk matrix properties. Under these
conditions, complementary indicators such as ultrasonic pulse velocity and electrical resistiv-
ity provide more robust insight into mechanical behavior and microstructural development
in CSFT-modified systems, as emphasized in multi-parameter assessment approaches for
low-reactivity and filler-dominated SCMs [14, 34].

CHAPTER 3. RESULTS
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Figure 3.3. Flexural strength of CSFT-modified cement pastes as a function of curing
age. Results are shown for OPC (black solid line with circular markers), CSFT-05 (red
solid line with square markers), CSFT-10 (blue solid line with triangular markers), CSFT-
15 (green solid line with diamond markers), CSFT-20 (green dashed line with triangular
markers), and CSFT-30 (black dash-dotted line with cross markers). Error bars represent
one standard deviation. The flexural strength results exhibit substantial scatter across all
mixtures and curing ages, with no systematic dependence on CSFT replacement level or a
consistent evolution with curing time.

3.3 Electrical Resistivity

Figure 3.4 shows the evolution of surface electrical resistivity for all mixtures as a function of
curing age. At early ages (2-7 days), resistivity values of the mixtures decreased systemati-
cally with increasing CSFT replacement. Mixtures with higher CSFT contents, particularly
CSFT-20 (green dashed line) and CSFT-30 (black dash-dotted line), exhibited the lowest
average resistivity values, reflecting higher ionic mobility and a less connected solid skeleton
at early ages as a result of reduced clinker content and delayed hydration [2, 33]. The latter
behavior is consistent with the reduced early-age mechanical performance and delayed de-
velopment of hydration products observed in compressive strength results of cement pastes
incorporating CSFT as partial OPC replacement|4, 15].

From 28 days onward, resistivity increased markedly for all mixtures, indicating pro-
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gressive microstructural densification and reduced pore connectivity [33]. Low replacement
mixtures, especially CSFT-05 (red solid line) and CSFT-10 (blue solid line), exhibited a
rapid increase in resistivity and reached values comparable to the OPC mixture by 90-180
days. This convergence suggests that the incorporation of limited amounts of CSFT does
not hinder long-term pore refinement and may benefit from physical filler effects and con-
tinued hydration, which contribute to the progressive reduction of ionic transport pathways
[4, 12-14].

Although CSFT-20 and CSFT-30 maintained lower absolute resistivity values through-
out the curing period in this work, their monotonic increase with age indicates ongoing
microstructural densification and gradual improvement of the solid-phase network [4]. The
parallel upward trends observed for all mixtures indicate that CSF'T primarily delays early
microstructural development rather than inhibiting long-term refinement, reflecting hydra-
tion processes that progressively reduce pore connectivity despite clinker dilution [2, 14].
These resistivity trends therefore indicate that CSFT modifies early-age transport properties
while still allowing progressive microstructural improvement at extended curing ages.
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Figure 3.4. Evolution of surface electrical resistivity of CSFT-modified cement pastes as a
function of curing age. Results are shown for OPC (black solid line with circular markers),
CSFT-05 (red solid line with square markers), CSFT-10 (blue solid line with triangular
markers), CSFT-15 (green solid line with diamond markers), CSFT-20 (green dashed line
with triangular markers), and CSFT-30 (black dash-dotted line with cross markers). Error
bars represent one standard deviation. Surface electrical resistivity increases with curing age
for all mixtures, with lower values generally observed for higher CSFT replacement levels.
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3.4 Ultrasonic Pulse Velocity (UPV)

CHAPTER 3. RESULTS

Ultrasonic pulse velocity results (Figure 3.5) provide complementary information on matrix
continuity, uniformity, and stiffness development. At early ages, UPV values of the mixtures
decreased with increasing CSF'T replacement, with CSFT-20 and CSFT-30 exhibiting the
lowest average velocities. The latter behavior reflects a less stiff and less mature matrix
resulting from reduced clinker content and delayed hydration, which limit the early formation
of load-bearing hydration products and continuous solid phases |2, 4].

As curing progressed, UPV increased for all mixtures, indicating gradual stiffening and
improved continuity of the cementitious matrix as hydration advanced [4]. Mixtures with low
CSFT content, particularly CSFT-05 (red solid line) and CSFT-10 (blue solid line), showed
pronounced UPV gains between 28 and 90 days and converged toward the average value of
the OPC mixture by 180 days. This convergence indicates that limited CSFT incorporation
does not compromise long-term matrix integrity, as the progressive development of hydration
products and physical packing effects compensate for early-age dilution [2, 13, 14].

Higher replacement mixtures (CSFT-20 and CSFT-30) maintained lower UPV average
values across all curing ages; however, their consistent upward trends indicate ongoing struc-
tural development rather than stagnation. This evolution reflects the gradual formation and
densification of the solid phase under reduced clinker availability, characteristic of cemen-
titious systems incorporating delayed-reactivity supplementary materials [4]. The absence
of abrupt UPV reductions or irregular behavior further indicates that CSF'T incorporation
does not disrupt bulk matrix continuity, but instead results in a slower and more progressive
stiffness development [2].

UPYV and electrical resistivity results provide consistent evidence of delayed yet continuous
microstructural development in CSF'T-modified systems. These nondestructive indicators
capture the evolution of internal connectivity and stiffness associated with hydration progress
and pore refinement, complementing mechanical testing by revealing changes that precede
or accompany strength development at extended curing ages [14, 15].
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Figure 3.5. Evolution of ultrasonic pulse velocity (UPV) of CSFT-modified cement pastes
as a function of curing age. Results are shown for OPC (black solid line with circular mark-
ers), CSFT-05 (red solid line with square markers), CSFT-10 (blue solid line with triangular
markers), CSFT-15 (green solid line with diamond markers), CSFT-20 (green dashed line
with triangular markers), and CSFT-30 (black dash-dotted line with cross markers). Error
bars represent one standard deviation. The horizontal reference bands indicate qualitative
concrete quality ranges based on ultrasonic pulse velocity, as commonly reported in the lit-
erature [37|. These bands are included for visual guidance only; although such classifications
are defined for concrete rather than cement pastes, they are used here to provide a qualitative
indication of paste uniformity and to highlight the limited influence of CSFT replacement on
UPV development.

3.5 Thermogravimetric Analysis (TGA)

Figures 3.6 and 3.7 present the evolution of mass loss associated with the dehydration of
C-S-H and chemically bound water in the 125-300 °C range, and the dehydroxylation of
portlandite (CH) in the 390-540 °C range, respectively. These temperature intervals are
commonly employed in thermogravimetric analyses of cementitious systems to track the
formation and evolution of hydration products, as they correspond to the stability domains
of bound water in C-S-H and calcium hydroxide [4, 38]. The results therefore provide insight
into the relative development of hydration products as a function of curing age and CSFT
replacement level.

The mass loss associated with C-S—H and chemically bound water (Figure 3.6) increased
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progressively with curing age for all mixtures. At early ages, the OPC mixture exhibited
the highest mass loss values, whereas CSFT-modified mixtures showed systematically lower
values. The latter behavior is consistent with the reduction in early hydration expected
from clinker dilution, as widely reported for cement systems incorporating supplementary
cementitious materials with slow reaction kinetics [4, 15, 39].

As curing age progressed, the differences in C-S—H-related mass loss between the OPC
mixture and CSFT mixtures gradually decreased across all replacement levels. From 56 to 90
days onward, and particularly at 180 days, the C—S—H-related mass loss values of the CSFT
mixtures approached those of the OPC mixture. This recovery of C-S—H-related bound water
with time mirrors the long-term compressive strength development reported in Section 3.1
and is consistent with observations reported for blended cement systems incorporating fly
ash or slag, where delayed hydration or pozzolanic reactions contribute to C—S—H formation
at later ages [4, 39).

In contrast, the CH content estimated from mass loss in the 390-540 °C range (Figure 3.7)
exhibited a systematically different trend. For all curing ages, CH content decreased mono-
tonically with increasing CSFT replacement level, and no significant recovery with time was
observed for any of the CSFT mixtures. This sustained reduction in portlandite content is
primarily attributed to clinker dilution and reflects the lower amount of calcium hydroxide
generated by clinker hydration, a trend extensively documented for cementitious systems
containing supplementary materials [4, 39].

The simultaneous observation of (i) a persistent reduction in CH content with increasing
CSFT replacement level and (ii) a progressive recovery of the C-S—H content at later curing
ages highlights the decoupled evolution of these two hydration products. Similar behavior
has been reported by Salgiani et al. [39] for blended systems incorporating fly ash or slag,
in which portlandite content decreases steadily with increasing replacement, while C-S—
H content partially recovers at advanced ages due to delayed chemical contributions from
the supplementary material. In the present study, this contrasting evolution suggests that,
beyond clinker dilution effects, part of the available portlandite may be involved in delayed
chemical reactions contributing to additional C—S—H formation. While this hypothesis cannot
be confirmed solely on the basis of TGA results, it is consistent with the behavior reported
for cementitious systems incorporating slowly reactive supplementary materials, where CH
consumption and late-stage C—S—H development may occur concurrently [4, 39].

The TGA results indicate that CSFT-modified systems exhibit a hydration behavior
characterized by a sustained reduction in portlandite content and a progressive recovery of
C-S-H-related bound water at later ages. While these observations are compatible with a
combined filler effect and a delayed chemical contribution from CSFT, the TGA data alone do
not allow a quantitative assessment of its intrinsic reactivity or pozzolanicity. Further inves-
tigations using complementary techniques are required to clarify the extent and mechanisms
of this potential chemical contribution.

CHAPTER 3. RESULTS
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Figure 3.6. Relationship between C-S—H content, determined by thermogravimetric anal-
ysis, and compressive strength of CSFT-modified cement pastes at different curing ages.
Results are shown for OPC (black solid line with circular markers), CSFT-05 (red solid line
with square markers), CSFT-10 (blue solid line with triangular markers), CSFT-15 (green
solid line with diamond markers), CSFT-20 (green dashed line with triangular markers), and
CSFT-30 (black dash-dotted line with cross markers). Symbols represent experimental data,
while connecting lines are included as visual guides. A linear relationship is observed be-
tween mass loss in this temperature interval and compressive strength, indicating that both
parameters evolve in a similar manner with curing time across all mixtures.

Juan Ignacio Rodriguez Valenzuela Page 22



FACULTAD DE
INGENIERIA Y CIENCIAS

CHAPTER 3. RESULTS

100+

801

601

40

Compressive Strength (MPa)

201

o —

Mixture
—e— OPC (0%)
—=— CSFT-05 (5%)
—+— CSFT-10 (10%)
—e— CSFT-15 (15%)
--¥-- CSFT-20 (20%)
—»=- CSFT-30 (30%)

14

CH content from TGA (%)

Figure 3.7. Calcium hydroxide (CH) content of CSFT-modified cement pastes as a function
of curing age, estimated from thermogravimetric mass loss in the 390-540 °C temperature
range. Results are shown for OPC (black solid line with circular markers), CSFT-05 (red
solid line with square markers), CSFT-10 (blue solid line with triangular markers), CSFT-
15 (green solid line with diamond markers), CSFT-20 (green dashed line with triangular
markers), and CSFT-30 (black dash-dotted line with cross markers). CH content was calcu-
lated using Equation (1), and the selected temperature interval corresponds to portlandite
dehydroxylation, as defined in the reference study from which the equation was adopted. In
contrast to compressive strength, CH content does not exhibit a similar evolution with curing
time, as CSFT-containing mixtures maintain a reduced CH content even at extended curing

ages compared to OPC.
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Discussion

The combined analysis of mechanical performance, nondestructive indicators, and thermo-
gravimetric data reveals a consistent mechanistic framework governing the behavior of CSFT-
modified cement pastes. Across all replacement levels, the incorporation of CSFT resulted in
reduced early-age compressive strength, lower ultrasonic pulse velocity, and decreased elec-
trical resistivity. These effects are primarily attributed to clinker dilution and the associated
reduction in early hydration product formation,This is consistent with that reported in previ-
ous studies on cementitious systems incorporating materials with delayed hydration kinetics,
such as those reported by Lothenbach et al. [4], Zunino et al. [14], and Suraneni et al. [15].

At extended curing ages, CSFT-containing systems exhibited progressive microstructural
development. Compressive strength, electrical resistivity, and ultrasonic pulse velocity in-
creased with curing time, with low-CSFT-replacement mixtures (CSFT-05 and CSFT-10)
approaching or matching the performance of the OPC mixture by 90-180 days. Similar
delayed convergence of mechanical and transport-related indicators has been reported for
blended cement systems incorporating slowly reacting supplementary materials|4, 13, 15, 40].
In such systems, hydration is not suppressed but proceeds at a reduced rate over extended
curing periods. In this context, early-age behavior is governed predominantly by clinker di-
lution effects, whereas delayed hydration processes or secondary reactions may contribute at
later ages, becoming evident only beyond conventional performance assessment times [18, 41].

Thermogravimetric analysis provides additional insight into the hydration mechanisms
associated with CSFT incorporation. The mass loss associated with C-S—-H and chemi-
cally bound water in the 125-300 °C range increased with curing age for all mixtures and
progressively converged across systems by 180 days. This evolution mirrors the long-term de-
velopment of compressive strength and indicates that the formation of C-S-H is the primary
driver of mechanical performance at advanced curing ages (2, 4, 39|.

In contrast, the calcium hydroxide content estimated from mass loss in the 390-540 °C
range remained consistently lower in CSF'T-modified mixtures and decreased systematically
with increasing replacement level. The CH evolution curves remained approximately parallel
over time, indicating that portlandite content does not recover at later ages, even when
C-S—H-related mass loss and compressive strength approach to the OPC mixture values.
This sustained reduction in CH content is primarily associated with clinker dilution and
the resulting lower availability of calcium hydroxide generated during hydration, a behavior
widely documented for blended cement systems [4, 14, 39).

The simultaneous observation of a persistent reduction in CH content and a progressive
recovery of C-S—H-related bound water at later ages highlights the decoupled evolution of
these two hydration products. Similar behavior has been reported by Salgiani et al. [39], who
showed that in systems incorporating fly ash or slag, portlandite content decreases steadily
with increasing replacement level, while C—S—H content partially recovers at curing ages of
90 and 365 days due to delayed chemical contributions from the supplementary material.
In the present study, this contrasting evolution suggests that, beyond purely physical filler
effects, CSF'T may contribute to hydration through delayed chemical reactions that promote
additional C-S—H formation at curing ages of 90 and 180 days. While this interpretation
cannot be confirmed solely on the basis of TGA results, it is consistent with hydration trends
reported for cementitious systems incorporating slowly reactive supplementary materials,
where CH consumption and late-stage C—S—H development may occur concurrently [4, 39].
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Conclusions

This study investigated the mechanical performance, nondestructive indicators, and hydra-
tion behavior of cement pastes incorporating copper slag flotation tailings (CSF'T) as a partial
replacement of OPC, emphasizing the influence of curing age on performance evaluation. The
results demonstrate that CSFT incorporation leads to a systematic reduction in early-age
properties, including compressive strength, ultrasonic pulse velocity, and surface electrical
resistivity. These early-age reductions are primarily associated with clinker dilution and the
limited initial reactivity of CSFT, rather than with an inability of the system to develop a
dense and mechanically competent microstructure at later ages.

At extended curing ages (90-180 days), mixtures with low to moderate CSFT replacement
levels (5-10%) exhibited a progressive convergence in compressive strength and nondestruc-
tive indicators toward the OPC reference. This delayed convergence indicates that hydration
and microstructural development in CSFT-modified systems proceed more slowly but con-
tinuously, and that performance assessed at conventional early ages does not fully capture
their long-term behavior.

The findings indicate that CSF'T behaves predominantly as a filler-dominated material
with limited intrinsic reactivity, while potentially contributing to slow or delayed hydration-
related processes at extended curing ages. The results also highlight the limitations of relying
exclusively on 28-day compressive strength as a performance benchmark when assessing low-
reactivity or filler-type supplementary materials. Extending the age used to define design
performance may enable higher levels of clinker replacement without proportionally penaliz-
ing long-term mechanical behavior, thereby supporting the development of more sustainable
cementitious systems.

The suitability of the conventional 28-day compressive strength benchmark is there-
fore challenged when evaluating cementitious systems incorporating low-reactivity or filler-
dominated supplementary materials. For materials such as CSF'T, assessments restricted to
standard curing ages may underestimate long-term contributions that become evident only at
extended curing periods, as reflected by the delayed convergence of mechanical performance
and C-S—H development. Similar limitations of the 28-day criterion have been identified in
both the scientific literature and technical reports addressing low-clinker cements and alter-
native SCMs, where extended curing ages are recommended to capture delayed hydration
and progressive microstructural refinement processes |2, 41-44].
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