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A B S T R A C T

The increasing population and urban development intensify the need for potable water, resulting in higher 
production of sludge in water treatment plants (WTPs). To mitigate the improper disposal of sludge and reduce 
carbon dioxide emissions from Portland cement production, the pozzolanic activity of sludge and its ashes, 
derived from WTPs and referred to as WTPA, is being investigated. These materials are being evaluated as 
supplementary cementitious materials (SCMs), enabling their application in the development of limestone 
calcined clay cement (LC3). The WTPA samples calcined at 600, 700, and 800 ◦C were analyzed using X-ray 
fluorescence (XRF), X-ray diffraction (XRD), thermogravimetric analysis (TGA), scanning electron microscopy 
(SEM), Brunauer-Emmett-Teller (BET) surface area analysis, Blaine fineness, and laser diffraction techniques. 
Compressive strength, electrical conductivity, and R3 tests were performed to evaluate pozzolanic reactivity of 
WTPA. The influence of calcination temperature, the proportion of WTPA, and the water/cement ratio were 
studied using the Box-Behnken design in LC3 mixtures. The results suggest that the calcination temperature of 
700 ◦C is ideal for producing pozzolana, standing out with an SAI of 140 % and 19.09 MPa in the lime test. This 
temperature also favored a higher combined water content (15.8 g/100 g of paste), indicative of resistant hy
drated compounds. Additionally, the multi-objective analysis indicated that the optimal formulation for WTPA 
use in LC3 involves a calcination temperature around 700 ◦C, a replacement rate of 17.62 %, and a water/cement 
ratio of 0.54. This formulation provides a fluid consistency, while compressive strength reaches 35.57 MPa, 
demonstrating the effectiveness of sludge as pozzolana. This study provides new insights into the use of water 
treatment plant sludge ash as a sustainable material for the development of LC3, offering a promising alternative 
to reduce the environmental impact of the cement industry.

1. Introduction

Water treatment plants (WTPs) generate sludge as a byproduct of 
coagulation, flocculation, sedimentation, and filtration processes 
(Hoppen et al., 2005; Achon and Cordeiro, 2015; Ahmad et al., 2016c). 
Projections estimate a 20–30 % increase in water demand, reaching 
between 5500 and 6000 km3 annually by 2050 (Burek et al., 2016), 
which may intensify sludge production. This sludge can account for 0.1 
% to 3 % of the treated water volume daily, resulting in annual pro
duction reaching up to 180 km3, depending on treatment efficiency (Di 
Bernardo et al., 2012). Approximately 22 % of this sludge is sent to 
landfills, while 56 % is discharged into water bodies (IBGE, 2017; de 
Carvalho Gomes et al., 2019). Although incineration is effective in 
reducing volume, it is costly, reaching up to US$ 329.00 per ton, and 

requires strict environmental controls due to pollutant emissions 
(Januário and Ferreira Filho, 2002; Hendges et al., 2017). Given the 
challenges associated with sludge disposal and treatment, the search for 
more sustainable solutions has intensified.

The ashes from WTPs exhibit promising chemical characteristics that 
make them suitable as supplementary cementitious materials (SCMs). 
Their composition is rich in Al₂O₃, Fe₂O₃, and SiO₂, and they also contain 
particles of sand, clay, and coagulants such as aluminum salts and iron 
ions (Sales et al., 2011; Huang and Wang, 2013; Pinheiro et al., 2014; 
Ahmad et al., 2016a, 2016b; de Oliveira Andrade, 2018). The similarity 
to the components of Portland cement and pozzolanic materials enables 
their use in the cement industry, especially after calcination at tem
peratures between 600 and 700 ◦C, which activates their pozzolanic 
reactivity (Gastaldini et al., 2015; Hagemann et al., 2019). Furthermore, 
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WTP ashes can reduce clinker consumption, contributing to the miti
gation of CO₂ emissions (Cembureau, 2013; Gartner and Hirao, 2015; 
GCCA, 2019). The partial substitution of raw materials with industrial 
waste and by-products is becoming established as a viable and sustain
able strategy for the cement industry, as highlighted in several studies 
(Schneider et al., 2011; Scrivener et al., 2018a, 2018b; Zhang et al., 
2024; Yu et al., 2023a, 2023b).

Since 1994, there have been attempts to incorporate WTPs into 
cement compositions, initially by combining sludge with limestone to 
form the clinker raw mix (Tay and Show, 1994). However, the me
chanical performance was not satisfactory. Research into the feasibility 
of using artificial pozzolans gained prominence in the late 20th century, 
as evidenced by a 1997 study that explored the viability of pozzolans 
obtained by calcining sewage sludge (Morales, 1997). Hagemann et al. 
(2019) examined the reaction of WTP in concrete, replacing up to 30 % 
of WTP ash and 15 % of limestone with Portland cement, resulting in 
savings of up to 38.4 %. More recently, Ruviaro and Silvestro (2023)
investigated the feasibility of using WTP ashes (0–30 %) and eggshells 
(0–15 %) as substitutes for clay and limestone, observing an approxi
mate 10 % reduction in compressive strength at 91 days but a 41 % 
reduction in CO₂ emissions.

In this context, limestone calcined clay cement (LC3) is a ternary 
blend composed of Portland cement, calcined clay, and limestone 
(Blouch et al., 2023; Bonavetti et al., 2022). This innovative solution 
offers significant environmental benefits compared to ordinary Portland 
cement (OPC). LC3 can achieve a potential 50 % reduction in Portland 
cement usage, cutting CO₂ emissions by 30 to 40 %, while maintaining 
or even improving the mechanical properties and durability of cement 
(Antoni et al., 2012; Bishnoi et al., 2014; Scrivener, 2014; Sánchez 
Berriel et al., 2016; Avet, 2017; Scrivener et al., 2018a, 2018b).

This article aims to contribute to the international database by 
analyzing WTP and evaluating its performance after thermal treatment 
and grinding, in combination with LC3. Unlike previous studies, which 
focused on incorporating WTPs as a direct substitute for Portland 
cement or as a complete replacement for calcined clay, this research 
explores the substitution of calcined clay with WTP ash at different 
levels, creating a quaternary blend. Additionally, the study compares the 
performance of WTP with other SCMs and conducts pozzolanicity tests 
to investigate its reactivity, providing a detailed assessment of its po
tential as a component in the formulation of sustainable cements. By 
optimizing the LC3 formulation with this approach, the study seeks to 
expand knowledge about the technical and environmental feasibility of 
using WTPs and contribute to the development of more sustainable so
lutions in the construction industry.

2. Materials and methods

2.1. Materials

2.1.1. Water treatment sludge
The sludge used in this study was collected from the Pirapama Water 

Treatment Station in Recife, Pernambuco, Brazil—the state’s largest 
water supply system with a production capacity of 5.13 m3/s and 
generating 93 tons of sludge daily. Approximately 90 % of the sludge 
originates from the decantation system. The sludge for this study was 
collected from the stabilization pond in its liquid form and transferred to 
an outdoor drying area for seven days. Afterward, it was dried in an oven 
at 100 ◦C for 24 h and then allowed to cool naturally. The dried sludge 
was then disaggregated using a ball mill for one hour and was designated 
as water sludge at 100 ◦C (WS100).

The calcination temperatures were determined based on prior 
research, varying between 600 and 800 ◦C (Gastaldini et al., 2015; 
Hagemann, 2018; Hagemann et al., 2019; Agra, 2022; Agra et al., 2023; 
Ruviaro and Silvestro, 2023; Koutsouradi et al., 2025), temperatures 
below 550 ◦C may contain organic matter, while 800 ◦C is the upper 
limit for maintaining pozzolanic properties. The ash was labeled as 

WA600, WA700, and WA800 based on the calcination temperature. 
Each sample was heated in a Linn High Therm KK 260 electric oven at a 
rate of 10 ◦C/min until reaching the target temperatures of 600, 700, 
and 800 ◦C, respectively. The temperature was then maintained for 180 
min before cooling to room temperature.

Post-calcination, the ash turned a reddish hue and was ground for 
one hour to standardize the composition and reduce particle sizes, 
thereby enhancing their pozzolanic potential. Figs. 1 and 2 illustrate the 
final samples and the process flowchart for sample preparation.

2.1.2. Other materials
The LC3 composition utilized high early strength Portland cement 

(CPV ARI - similar to ASTM type III cement) from Cimento Nacional. The 
clay used, sourced from Votorantim Cimentos and used in commercial 
pozzolanic cement formulations, consists of 40 % black clay and 60 % 
yellow clay. This natural clay was dried for 24 h in an oven and then 
calcined at 800 ◦C for 1 h to ensure complete calcination and pozzolanic 
reactivity (Fernandez et al., 2011; Scrivener et al., 2018a, 2018b; Liu 
et al., 2021; Zolfagharnasab et al., 2021; Zunino and Scrivener, 2021; 
Bahman-Zadeh et al., 2022; Yadak Yaraghi et al., 2022).

For the LC3 mix, 30 % of the Portland cement was replaced with 
calcined clay and 15 % with limestone, maintaining an ideal 2:1 ratio 
between the two (Antoni, 2013; Scrivener et al., 2018a, 2018b). Addi
tionally, 5 % of the cement was replaced with calcium sulfate dihydrate 
(CaSO₄⋅2H₂O) of 98 % analytical purity to ensure proper cement sulfa
tion of the cement, following typical LC3 formulations. It is important to 
note that, in this study, commercial OPC. was used instead of clinker.

To evaluate the pozzolanic potential of WTP sludge, its compressive 
strength performance was compared with two other traditionally used 
commercial pozzolans, metakaolin (MK) and fly ash (FA). For the 
pozzolanic activity test with calcium hydroxide and the electrical con
ductivity test, calcium hydroxide PA (Ca(OH)₂) of 95 % minimum purity 
was used, as specified by NBR 5751 (ABNT NBR 5751, 2015). The fine 
aggregate was quartz sand with a maximum particle size of 2.36 mm, a 
specific mass of 2.65 g/cm3, and a fineness modulus of 2.33. Table 1
details the chemical and physical properties of these materials, using the 
same parameters for characterizing WTP sludge.

2.2. Characterization of WTP

The chemical composition and microstructure of the samples were 
evaluated using X-ray fluorescence (XRF) with semiquantitative analysis 
on pressed pellets using the Rigaku ZSX Primus II spectrometer. Sludge 
particle analysis was performed using a TESCAN Mira3-LM scanning 
electron microscope (SEM) with a field emission gun (FEG), focusing on 
topographical regions via scattered electron signals (SE).

For physical characterization, density was measured with a Le Cha
telier flask (ABNT NM23, 2000). The specific surface area was deter
mined using the Blaine method (ABNT NBR 5751, 2015), while the BET 
method via nitrogen sorption on a Micromeritics ASAP 2420 was used 
for detailed surface area analysis. Prior to analysis, the samples were 
degassed at 373 K for 12 h in the degassing port. Particle size distribu
tion was analyzed by laser diffraction with a Malvern Mastersizer 2000 
equipped with the Hydro 2000MU dispersion unit, covering a range of 
0.02 to 2000 μm.

Mineralogical phases of the pastes were identified through X-ray 
diffraction (XRD) on a Bruker PHASER D2 diffractometer, scanning from 
5 to 80◦2θ with 0.05◦2θ increments and a 0.575 s/step count time. CuKα 
radiation at 20 mA and 40 kV was used, with compound identification 
supported by X’pert Highscore Plus software and the ICDD database. 
Thermogravimetric analysis (TGA) was performed with a Netzsch STA 
2500 at a 10 ◦C/min heating rate up to 1000 ◦C in a nitrogen atmosphere 
at 40 ml/min.

TGA quantifies the kaolinite content in raw sludge using the tangent 
method (Scrivener et al., 2016). Kaolinite dehydroxylation occurs be
tween 400 and 600 ◦C (Fernandez et al., 2011; Ptáček et al., 2014; Avet 
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and Scrivener, 2018). The kaolinite content is calculated from the mass 
loss during dehydroxylation, relating to the molar masses of kaolinite 
(258.16 g/mol) and water (18 g/mol), as shown in Eq. 1. 

Kaolinite (%) = Wtkaolinite x
Mkaolinite

2.MH2O
(1) 

2.3. Assessment of pozzolanic activity

Pozzolanic activity was evaluated through four tests: two for 
compressive strength, one for electrical conductivity, and one for com
bined water content, as summarized in Table 2.

In the first test, according to Brazilian standard NBR 5751 (ABNT 
NBR 5751, 2015), three cylindrical specimens (50 × 100 mm) were 
prepared with 104 g of analytical-grade calcium hydroxide. The mass of 
the pozzolanic material (m) was set as twice the volume of calcium 
hydroxide, with the ratio given by Eq. 2, where δpoz represents the 
specific mass of the pozzolanic material and δCH is the specific mass of 

calcium hydroxide. In preparing the mortar, the binder-to-sand ratio 
was 1:3 by mass, adjusting the water to a consistency index of (165 ± 5) 
mm according to NBR 7215 (ABNT NBR 7215, 2019). A superplasticizer 
was used to set the water-to-binder ratio (w/b) at 0.80. The specimens 
were cured in metal molds for seven days: one day at room temperature 
and six days at (55 ± 2)◦C. To be considered pozzolanic, the compres
sive strength must exceed 6 MPa, as per NBR 12653 (ABNT NBR 5752, 
2014). 

m = 2.
(

δpoz

δCH

)

.104g (2) 

In the second test, the Strength Activity Index (SAI) was determined 
with Portland cement at 28 days, following the NBR 5752:2014 stan
dard. Six cylindrical specimens (50 × 100 mm) were molded with one 
part binder to three parts sand and a w/b ratio of 0.48. The mortars, 
composed of 75 % cement and 25 % pozzolan, were cured in a saturated 
lime solution until the test at 28 days. The SAI was calculated as the ratio 
between the average strength of samples containing only Portland 
cement and pozzolanic material and the average strength of samples 
containing only Portland cement (Table 3).

The pozzolanic activity of the WTP was evaluated by electrical 
conductivity, following the model by Paya et al. (2001) adapted by Basto 
et al. (2019). The 1000-s test involved heating 1050 ml of water, adding 
840 mg of Ca(OH)2 at 60 ± 1 ◦C, stirring at 700 rpm for 1 h, transferring 
200 ml to a beaker, and adding 4 g of pozzolan. Conductivity mea
surements were taken with a Digimed DM-32 v.2.0 and DMC-001 XTX 
cell, with data collected every second by a Raspberry Pi 3. The corrected 
electrical conductivity (Cpoza) was calculated by the difference between 
the conductivity of the solution with Ca(OH)2 + pozzolan (CpozCH) and 
the conductivity of a solution with only pozzolan (Cpoz), as shown in Eq. 
3. The loss of conductivity (%LCt) was determined by the ratio between 
the initial difference (C0) and the corrected electrical conductivity, as 
given by Eq. 4. 

Cpoza = CpozCH − Cpoz (3) 

(%LCt) =
(

Co − Cpoza

Co

)

*100 (4) 

The rapid, robust, and relevant chemical reactivity test (R3) was 
performed according to American Standard C1897 (ASTM, 2020). This 
method assesses the reactivity of supplementary cementitious materials, 
including calcium hydroxide (30 g), calcium carbonate (5 g), SCM (10 
g), and potassium solution (liquid/solids ratio of 1.2 by mass). The 
mixture was stirred at 1600 rpm for 2 min and cured at 40 ◦C for 7 days. 
The chemically combined water content was measured in a Timer One 
Plus VRC muffle furnace at 350 ◦C. After cooling in a desiccator, the 
mass of the empty crucible (wc) was recorded, and 5 ± 0.5 g of crushed 
paste (wo) was transferred. The total mass (wh) was recorded after 
heating and cooling. The chemically combined water content (Eq. 5) 
was calculated in g per 100 g of dry paste at 40 ◦C. 

H2OCombined,dry =
wo − wh

wo − wc
x 100 (5) 

Fig. 1. From left to right: the appearance of the WS100, WA600, WA700 and WA800 treatment sludge after machining.

Fig. 2. Schematic flowchart of the water sludge ash preparation procedure and 
losses in each process.
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2.4. Response surface design

To evaluate the compressive strength and consistency index of LC3 

mortars, a response surface design (RSD) was used. The aim is to opti
mize the use of WTPA in LC3 cement, enhancing its application as a 
supplementary cementitious material and identifying key variables in 
sludge preparation that affect the quaternary mix design.

Response surface methodology (RSM) is employed to determine the 
optimal region of independent variables (Ray and Lalman, 2011). While 
full factorial design (FFD) is often impractical due to the high number of 
experiments, central composite design (CCD) and Box-Behnken design 
(BBD) are more feasible (Box et al., 1978; Myer and Montogomery, 
2002; Bae and Shoda, 2005). For quadratic response surface models with 
three or more factors, BBD is preferred due to its efficiency in exploring 

Table 1 
Physical and chemical properties of materials.

Materials Cement Clay Calcined clay Limestone Calcium hydroxide Metakaolin Fly ash

SiO2 15.58 42.33 46.12 1.25 0.26 59.30 55.12
Al2O3 4.74 14.89 14.66 0.61 0.10 33.37 32.16
Fe2O3 2.67 4.51 5.29 0.30 0.08 1.45 3.72
CaO 60.14 14.37 17.03 44.25 72.98 0.08 1.38
MgO 1.62 1.61 2.35 8.50 0.96 0.21 0.80
SO3 5.06 1.41 2.01 0.18 0.04 0.05 0.48
K2O 1.32 2.99 3.60 0.09 0.24 0.27 2.81
N2O 0.19 0.16 0.16 – – – –
P2O5 0.67 0.13 0.15 0.04 0.07 0.04 0.10
LOI* 7.46 16.54 7.45 44.56 25.13 3.87 2.15
Density (g/cm3) 3.08 2.59 2.66 2.74 2.22 2.61 2.04
BET (g/cm3) 1.35 8 1.06
Blaine (m2/g) 453.00 452.90 770.88 331.68 1597.80 698.00 319.00
D50 (μm) 16.05 7.47 12.81 45.95
D4,3 (μm) 22.38 14.61 17.43 100.25

– not determined.
* Loss on ignition at 1000 ◦C.

Table 2 
Summary of experiments to verify the pozzolanicity of water treatment plant sludge.

Test System Standard Healing condition Age Analyzed parameter

Pozzolanic activity with 
lime

Ca(OH)2 + SCM mortar ABNT NBR 5751 Sealed 24 h at 23 ◦C and then 
55 ◦C

7 days • Compressive strength

Strength Activity Index 
(SAI) Cementitious mortar ABNT NBR 5752 Immersed, 23 ◦C 28 days • Compressive strength

Electrical Conductivity Solution of Ca(OH)2 + SCM
Paya et al. (2001) e Basto et al. 

(2019)
–

During 1000 
s

• Loss of conductivity

R3 Mass of Ca(OH)2 + SCM +
CaCO3

ASTM C1897 Thermal, 40 ◦C 7 days • Chemically bound 
water

Table 3 
Quantity of material, by mass (g), used for testing compressive strength.

Testing compressive strength tests with lime (NBR 5751).

Reference Type Lime (g) Pozzolan (g) Water (g) SP (g) Sand (g) Ic (mm)

WS100 WS100 104 228.61 266.09 16.63 936 230.00
WA600 WA600 104 249.23 282.58 17.66 936 223.00
WA700 WA700 104 255.78 287.83 17.99 936 220.00
WA800 WA800 104 262.34 293.07 18.32 936 221.00
CL Clay 104 242.67 277.33 17.33 936 290.00
CC Calcined clay 104 249.23 282.58 17.66 936 280.00
LS Limestone 104 256.72 288.58 18.04 936 291.00
MK Metakaolin 104 244.54 278.83 17.43 936 240.00
FA Fly ash 104 191.14 236.11 14.76 936 250.00

Testing compressive strength at 28 days (NBR 5752)

Reference Type Cement (g) Pozzolan (g) Water (g) SP (g) Sand (g) Ic (mm)

CP Cement 624 0 300 – 1872 165.00
WS100 WS100 468 156 300 12.48 1872 159.00
WA600 WA600 468 156 300 22.50 1872 155.00
WA700 WA700 468 156 300 19.53 1872 162.50
WA800 WA800 468 156 300 19.53 1872 163.00
CL Clay 468 156 300 7.45 1872 165.00
CC Calcined clay 468 156 300 5.49 1872 155.00
LS Limestone 468 156 300 – 1872 165.00
MK Metakaolin 468 156 300 8.58 1872 175.00
FA Fly ash 468 156 300 – 1872 162.50

T. Bertulino et al.                                                                                                                                                                                                                               Applied Clay Science 267 (2025) 107741 

4 



the design space (Myer and Montogomery, 2002; Ray, 2006; Ray et al., 
2009).

BBD limits the range of factors to − 1, 0, and 1, representing the 
lowest, middle, and highest values of the actual factors, respectively. 
This ensures that factor variations stay within safe limits. For a BBD with 
three factors, the number of experiments (n) is given by n = 2×(x - 1) +
C0, where x is the number of factors and C0 is the number of central 
points (Ray and Lalman, 2011). In this study, BBD was used to examine 
the effects of WTPA calcination temperature, WTPA content (replacing 
calcined clay), and water/binder ratio in LC3 mortar, with three factors 
and three central points, resulting in a total of 15 experiments (Table 4).

The LC3 formulation consists of 50 % cement, 30 % calcined clay, 15 
% limestone, and 5 % gypsum. Replacements of calcined clay with 
WTPA (5 %, 52.5 %, and 100 %) were tested, covering the full range of 
calcined clay applications in LC3. Mortar molding, curing, and 
compressive strength testing followed EN 196:2016, with tests con
ducted at 28 days using six cubic specimens per experiment. The con
sistency index was assessed according to NBR 13276 (ABNT NBR 13276, 
2016) and is similar to the American standard C1437–20 (ASTM C1437, 
2020). The additive content was kept at 4 % of the binder mass across all 
mixtures. Data analysis was performed using Minitab Statistical Soft
ware version 21.4.2.

3. Results and discussion

3.1. Chemical and microstructural characteristics of WTP

Chemical compounds in cement and ash, even in small quantities, 
influence hydration, workability, and strength, impacting the resulting 
binder’s characteristics (Krejcirikova et al., 2019). Table 5 highlights 
elemental oxide concentrations for dry and calcined ash, including 
essential SiO2 and Al2O3. Amorphous siliceous or siliceous-aluminous 
materials react with calcium hydroxide at room temperature, forming 
cementitious compounds. Pozzolanic activity is linked to chemical 
composition (Malhotra and Mehta, 1996). According to Brazilian stan
dard NBR 12653 (ABNT NBR 12653, 2014), criteria include minimum 
levels of SiO2 + Al2O3 + Fe2O3 ≥ 70 %, SO3 < 4 %, loss on ignition <10 
%, and alkalis in Na2O < 1.5 %. WTP samples meet these parameters, 

except WS100, which exceeds the fire loss limit.
The oxide composition of WTP samples aligns with literature 

(Pinheiro et al., 2014; de Oliveira Andrade et al., 2018; de Carvalho 
Gomes et al., 2019; Santos et al., 2019; Bohórquez González et al., 
2020), notably in Al2O3 content due to aluminum sulfate use in water 
treatment. The samples show low alkaline content, especially Na2O and 
K2O (< 0.6 %), which is critical since these oxides can compromise the 
pozzolanic reaction by interacting with cement hydration products 
(Berenguer et al., 2021). The loss on ignition in the sludge results from 
the dehydroxylation of phyllosilicates and decarbonation of carbonates 
(Monteiro et al., 2008; Rodríguez et al., 2010; Owaid et al., 2014), in 
addition to the combustion of organic matter, as mentioned earlier.

Section 2 of the supplementary material shows SEM and EDX anal
ysis of WTP particles and the calcined material. In dry sludge (WS100), 
particles vary in size and shape. Post-calcination, they transition to more 
rounded shapes, indicating a less crystalline structure. Rodríguez et al. 
(2010) noted incineration results in spherical particles, often with 
laminar or annular structures. EDX confirmed the predominance of 

Table 4 
Summary of real and coded variables from the experimental matrix.

Variable code

Experimental levels Calcination temperature WTPA content a w/b ratio b

Low (− 1) 600 ◦C 5 % 0.40
Medium (0) 700 ◦C 52.5 % 0.50
High (1) 800 ◦C 100 % 0.60

Mixture content in grams (g)

N Pattern ◦C Content w/b Cement Calcined clay Limestone Gypsum WTPA w/b Sand

1 “–0” − 1 − 1 0 150 85.5 45 15 4.5 150 900
2 “+ − 0” 1 − 1 0 150 85.5 45 15 4.5 150 900
3 “− + 0” − 1 1 0 150 0 45 15 90 150 900
4 “++0” 1 1 0 150 0 45 15 90 150 900
5 “-0-” − 1 0 − 1 150 45 45 15 47.25 120 900
6 “+0-” 1 0 − 1 150 45 45 15 47.25 120 900
7 “-0+” − 1 0 1 150 45 45 15 47.25 180 900
8 “+0+” 1 0 1 150 45 45 15 47.25 180 900
9 “0–” 0 − 1 − 1 150 85.5 45 15 4.5 120 900
10 “0 + − ” 0 1 − 1 150 0 45 15 90 120 900
11 “0 − +” 0 − 1 1 150 85.5 45 15 4.5 180 900
12 “0++” 0 1 1 150 0 45 15 90 180 900
13 “000” 0 0 0 150 45 45 15 47.25 150 900
14 “000” 0 0 0 150 45 45 15 47.25 150 900
15 “000” 0 0 0 150 45 45 15 47.25 150 900

a Substitution about the total content of calcined clay (90 g).
b Regarding the binder content (300 g).

Table 5 
Chemical composition of WTP and ash.

Oxides WS100 WA600 WA700 WA800

SiO2 32.61 38.50 40.55 40.78
Al2O3 30.33 38.72 40.20 40.29
P2O5 0.32 0.35 0.29 0.34
SO3 0.34 0.48 0.15 0.55
Cl -. – 0.01 0.04
K2O 0.25 0.29 0.33 0.31
N2O 0.05 0.05 0.18 0.07
CaO 0.09 0.29 0.25 0.48
MnO 0.04 N.D. N.D. N.D.
Fe2O3 10.47 12.86 12.21 12.69
TiO2 1.38 1.73 0.92 0.99
MgO 0.16 0.15 0.25 0.23
SrO – – – –
CuO – – – –
SiO2 + Al2O3 + Fe2O3 73.41 90.08 92.96 93.76
LOI* 24.52 7.31 4.55 3.15

–not determined.
* Loss in ignition at 1000 ◦C.
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silicon, aluminum, iron, and calcium, consistent with XRF results.

3.2. Physical characterization of WTP

In addition to pozzolanicity, the physical characteristics of the con
stituent materials also enhance the resistance of cementitious systems, 
such as particle size, shape, and texture (Goldman and Bentur, 1994). 
Table 6 presents data on specific mass, Blaine fineness, BET, and char
acteristic diameters (D4.3, D3.2, d10, d50, and d90) obtained in the laser 
granulometry test.

The specific mass of the ash increases significantly after calcination 
due to the removal of organic matter from the sludge. The specific 
surface area measured by the Blaine method did not detect any variation 
in post-calcination fineness, remaining around 1990 m2/kg. This 
method has limitations as it assumes air permeability in a uniform bed 
with regular particles, ignoring small pores (Grabowski and Wilanowicz, 
2010; Arvaniti et al., 2015a; Safonov et al., 2021). For particles of varied 
sizes and high fineness, like SCMs, the BET method is more appropriate 
(Arvaniti et al., 2015b; Alderete et al., 2016; Abazarpoor and Halali, 
2017).

The BET test identified that fineness decreased with increasing 
temperature, due to particle agglomeration and synthesis, making the 
ash harder and more resistant to grinding (Rashad, 2013; Souri et al., 
2015). Section 2 of the supplementary material shows the particle size 
distribution of water sludge obtained by laser diffraction. The average 
diameters in Table 6 indicate that sludge calcination resulted in a slight 
increase in particle size (d50), which is consistent with the reduction in 
specific surface area observed in the BET results after calcination.

3.3. Mineralogical and thermogravimetric analysis

Fig. 3 shows the diffractogram of WTP before and after calcination. 
In the raw dry sludge (WS100), prominent peaks of kaolinite 
(Al2Si2O5(OH)4), quartz (SiO2), hematite (Fe2O3), and cristobalite 
(SiO2) are observed. Kaolinite, a common clay mineral, suggests 
pozzolanic activity, though its reactivity needs to be induced by calci
nation (Avet, 2017; Briki, 2020; El Housseini, 2022). Calcination causes 
kaolinite dehydroxylation, forming metakaolin (Al2Si2O5(OH)4 ⟶ 
Al2Si2O5 + 2H2O) (Shvarzman et al., 2003; Arikan et al., 2009; Skibsted 
and Snellings, 2019), but this phase is not visible in the XRD (Altheman 
et al., 2023).

In the calcined samples (WA600, WA700, WA800), the absence of 
kaolinite peaks confirms dehydroxylation, evidenced by an amorphous 
halo between 20 and 30◦ (2θ), reinforcing the presence of amorphism in 
pozzolanic materials (Filho et al., 2017; Amaral et al., 2021). This 
absence aligns with previous studies (Hagemann, 2018; Ruviaro et al., 
2021; Haustein et al., 2022; Agra et al., 2023).

The presence of iron in the calcined samples causes the reddish 
residue (Fig. 1) due to hematite oxidation (Nikolov and Karamanov, 
2022), similar to commercial metakaolin (Medina, 2011; Altheman 
et al., 2017). Well-defined quartz and hematite peaks indicate a change 
in crystal structure at 800 ◦C, where higher calcination temperatures 
promote crystallization of amorphous silica, reducing pozzolanic activ
ity (Fontes et al., 2003; Basto et al., 2019).

Section 2 of the supplementary material shows the TGA of dry raw 
sludge, with the derivative curve revealing peaks corresponding to 
heating phenomena. The first peak (30–110 ◦C) indicates evaporation of 

free and/or adsorbed water, with a 2.16 % mass loss. The second peak 
(180–360 ◦C) is due to oxidation of organic compounds, with a 6.13 % 
mass loss. A third peak (400–600 ◦C) indicates kaolinite dehydrox
ylation, with a 9.79 % mass loss. The final peak (850–950 ◦C), with a 
1.35 % mass loss, is linked to the material’s recrystallization. TGA 
quantified the kaolinite content at 70.17 %, characterizing WTP as high- 
quality clay, with kaolinite content exceeding 40 % (Mathieu Antoni, 
2013; Avet, 2017; Scrivener et al., 2018a, 2018b).

3.4. Pozzolanic activity with lime

The compressive strength results of mortars containing lime and 
different SCMs are presented in Fig. 4. The blue line represents the 
minimum compressive strength limit established by NBR 12653 (ABNT 
NBR 5751, 2015). The figure shows that dry sludge, raw clay (CL) and 
limestone (LS) did not reach pozzolanic activity in the first 7 days. This 
occurrence was anticipated, as materials rich in kaolinite (WS100 and 
CL) only reach reactivity after thermal activation.

Limestone’s effects are partially physical and chemical (Heikal et al., 
2000; Lawrence et al., 2003). From a chemical perspective, there is a 
reaction between limestone and the aluminate phase, resulting in the 
formation of carboaluminate (Taylor, 1997). However, in tests con
taining only calcium hydroxide, limestone does not contribute silica- 
alumina to the pozzolanic equation, and the resulting paste does not 
provide aluminate for the formation of mono and hemicarboaluminate 
(Kakali et al., 2000; Bonavetti et al., 2001; Matschei et al., 2007; Loth
enbach et al., 2008). This analysis confirms the conclusion that NBR 
5751 (ABNT NBR 16372, 2015) constitutes an indirect test of pozzola
nicity, emphasizing the importance of chemical interaction.

On the other hand, incinerated water sludge demonstrated a 
remarkable impact on lime tests, regardless of the calcination temper
ature. Even under the lowest calcination temperature, it recorded more 
than double the required strength, surpassing the expectations estab
lished for commercial pozzolans such as metakaolin (MK) and fly ash 
(FA).

3.5. Strength activity index

The pozzolanic potential with Portland cement is evaluated through 
axial compressive strength testing, following NBR 5752 (ABNT NBR 
12653, 2014), using 25 % pozzolanic material fractions. The Pozzolanic 
Activity Index (SAI), calculated at 28 days according to NBR 12653 
(ABNT NBR 12653, 2014), requires an SAI of at least 90 % of the 
reference value to consider the material pozzolanic.

The reference mortar, without pozzolanic material, reached a 
compressive strength of 28.06 MPa at 28 days. Fig. 5 shows the pozzo
lanicity index compared to this mortar. Similar results were observed in 
tests with Portland cement and calcium hydroxide mortars, where un
treated samples (WS100 and CL) and LS did not meet the minimum 
requirement. WS100 and CL might be inert, possibly showing a 25 % 
reduction in strength due to dilution effects. Factors such as perme
ability, hydration kinetics, and porosity also influence strength devel
opment (Donatello et al., 2010a), and these samples contained high 
carbonaceous material.

WTPA samples showed SAI values of 89 %, 140 %, and 139 % for 
WA600, WA700, and WA800, respectively. Previous studies reported 
SAI ranging from 89 % to 112 % for this temperature range (Hagemann 

Table 6 
Physical characterization of dry and calcined sludge.

Material Specific mass (g/cm3) Blaine (m2/kg) BET (m2/g) D4,3 D3,2 d10(μm) d50(μm) d90(μm)

WS100 2.44 1089.62 51.09 36.32 9.72 3.45 22.47 74.47
WA600 2.66 1999.68 53.00 33.77 12.06 4.59 25.48 74.01
WA700 2.73 1990.20 51.95 36.54 12.88 4.97 27.46 82.26
WA800 2.80 1987.96 46.16 37.12 12.98 5.02 28.28 82.96
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et al., 2019; Agra et al., 2023; Altheman et al., 2023). In the case of 
WA600, with an SAI below 90 %, this result aligns with previous 
physical analyses, and as pointed out by Agra et al. (2023), the high 
specific surface area of the material negatively impacted consistency, 
resulting in less efficient compaction in the fresh state compared to the 

samples calcined at 700 ◦C (WA700) and 800 ◦C (WA800). Additionally, 
Brazilian criteria are stricter than international standards such as ASTM 
C618–19 (ASTM, 2019) and BS 3892–1 (BS, 1997), which allow a 20 % 
pozzolan replacement with SAI requirements of over 80 % and 75 %, 
respectively, after 28 days.

The commercial pozzolans showed satisfactory performance, align
ing with the results of other studies, in which the SAI for fly ash and 
metakaolin varied between 80 and 147 % (Donatello et al., 2010b; 
Donatello et al., 2010a; Tironi et al., 2013; Shafiq et al., 2015; Liu et al., 
2017; Siline and Mehsas, 2022). These data place WTPA within this 
range of acceptable performance.

Fig. 6 shows the correlation between compressive strength tests with 
lime and Portland cement. Samples WA700, WA800, calcined clay (CC), 
MK, and FA meet both standards, classifying them as effective pozzo
lans, while WS100, CL, and LS are deemed unsuitable due to insufficient 
reactivity. Although the linear equation best represented the results, the 
correlation was not highly significant.

3.6. R3

Fig. 7 displays the measurement of combined water content per 100 
g of dry paste in mixtures intended for the R3 test. This technique as
sesses the pozzolanic reactivity of alternative raw materials by releasing 
heat and/or chemically combined water (ABNT NM23, 2000; Avet et al., 

Fig. 3. WTP diffraction diagram, showing the presence of phases identified as quartz (Q), kaolinite (K), hematite (H), and cristobalite (*).

Fig. 4. Compressive strength results at 7 days for mortars with hydrated lime, representing standard deviation by error bars.

Fig. 5. Pozzolanic activity index at 28 days for mortars with 75 % cement and 
25 % pozzolan by mass, with error bars indicating the standard deviation from 
the mean.
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2016). The identified water is linked to the dehydration of specific 
phases such as C-S-H, ettringite, C-A-S-H, and carboaluminates, which 
are products of exothermic reactions between MCS and Ca(OH)2 (Costa 
and Pereira Gonçalves, 2021; Ramanathan et al., 2022; Paixão et al., 
2023).

At 7 days, MK’s chemically combined water content (8.8 g/100 g of 
paste) exceeded by more than three times the value presented by 
WS100, CL, and LS, indicating that these systems may be classified as 
inert. In contrast, the pastes of CC and FA showed levels of chemically 
combined water between 5 and 6.6 g/100 g, suggesting a moderately 
pozzolanic categorization for these mixtures. These results are consis
tent with the discussion presented by Li et al. (2018), who, when 
analyzing 11 supplementary cementitious materials (SCMs) through a 
round-robin campaign to investigate 10 different tests, observed that the 
chemically combined water of fly ash ranged from 3 to 5 g/100 g of 
paste. The pastes under analysis fall within this upper limit, while the 
natural pozzolan records 6 g/100 g. This analysis reinforces the pozzo
lanic nature of the CC and FA systems, comparable to the results 
observed in previous studies (Liu et al., 2017; Paixão et al., 2023; Pereira 
et al., 2023).

In the calcined sludge pastes, a slight variation in the content of 
chemically combined water was observed, ranging between 14.9 and 
16.0 g/100 g of paste. Although the WA600 sample did not meet the 
minimum requirement of 90 % in the SAI, it proved superior to WA800 

in the R3 test, validating its potential as a pozzolan. This can be attrib
uted to the greater chemical availability to react with Ca(OH)2, sug
gesting a higher degree of reaction in systems processed up to 700 ◦C. 
Notably, the chemically combined water in the WTPAs exceeded that of 
commercial pozzolans, such as FA and MK, approaching double the 
value for metakaolin.

This variation in the content of chemically combined water reflects 
the hydrated products formed and is strongly influenced by the 
composition of the amorphous matrix. The pronounced presence of 
alumina raises this content, as the hydrates formed (AFt and AFm) 
contain more constitutional water than those resulting from the silica 
reaction (Pereira et al., 2023). Thus, the high concentration of kaolinite 
in the sludge was a determining factor for the greater reactivity observed 
in the calcined products.

3.7. Electrical conductivity

The electrical conductivity method indirectly assesses the pozzolanic 
potential of materials using an unsaturated calcium hydroxide solution 
(Paya et al., 2001; Tashima et al., 2014; Basto, 2018). This technique 
measures the percentage loss of conductivity (% LC) over time, partic
ularly at 100 and 1000 s. Fig. 8 illustrates the conductivity loss curves, 
which highlight the reductions at these intervals, providing insights into 
pozzolanic activity.

WTP materials are highly reactive, rapidly consuming hydrated lime 
and causing a significant %LC increase within seconds. In Fig. 8a, over 
50 % of CH is consumed within the first 100 s. The raw WS100 sample 
exhibited high pozzolanic activity, surpassing calcined samples, 
consistent with findings by Agra et al. (2023). Carbonaceous particles, as 
seen in the CL sample, also contribute to conductivity loss, though this is 
not necessarily linked to pozzolanic reaction.

It is also known that soluble ions, such as Na+, K+, and Ca2+, strongly 
influence the conductivity of a solution by increasing the ionic con
centration and, consequently, facilitating electrical conduction (Ogawa 
et al., 1980; Hewlett and Liska, 2019). At ETA Pirapama, sodium acry
late is used in the coagulation-flocculation process, which may indi
rectly affect the pozzolanic reactivity in the WS100 sample. This effect is 
supported Küçükyildirim and Uzal (2014) who observed an increase in 
conductivity after the addition of zeolites, releasing soluble cations such 
as sodium, potassium, and calcium. The conductivity of fly ash sus
pensions in water reflects the concentration and type of ions present, 
suggesting rapid methods to assess soluble sodium sulfate, potassium, 

Fig. 6. Correlation of compressive strengths in mortars: Analysis with hydrated lime (based on NBR 5751) versus Portland cement (according to NBR 5752).

Fig. 7. Characterization of mixtures for R3 test: mass loss due to combined 
water with error bars indicating standard deviation from the mean.
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and calcium. These ions typically adhere to fly ash particles as sub
micrometric compounds, significantly influencing their suspension 
properties (Owens and Waddicor, 1982; Raask, 1982).

LS-water suspensions at 60 ◦C showed stable conductivity, ranging 
from 4.96 to 4.91 mS/cm between 100 and 1000 s, as detailed in 
Table 7. The low %LC of 2.74 % at 1000 s indicates low ion solubility 
and pozzolanic reactivity, consistent with previous tests.

MK showed a Δ1000 of 2.20 mS/cm and %LC1000 of 48.29 %, aligning 
with literature values of 2.21 to 2.54 mS/cm and 44.51 % to 60.00 % 
(Velázquez et al., 2014; Fernandes et al., 2017; Basto et al., 2019; Agra 
et al., 2023). In contrast, WTPA exhibited a Δ1000 between 4.47 and 3.39 
mS/cm, surpassing metakaolin’s conductivity. This highlights WTPA’s 
effectiveness as a pozzolanic material with rapid reaction capabilities 
compared to traditional pozzolans.

3.8. Response surface design

The experimental results obtained for compressive strength (MPa) 
and consistency index (CI) are presented in Table 8.

The Response Surface Methodology (RSM) is an essential tool for 
modeling the relationships between independent variables and one or 
more dependent variables. Its application enables process optimization 
and decision-making based on the interaction between such variables 
and their impacts on the desired response. Through RSM, it is possible to 
(i) select the most suitable model; (ii) assess data variability through the 
coefficient of determination (R2); (iii) calculate the coefficients that 
structure the model equation; (iv) verify the equation’s accuracy with 
lack-of-fit tests; and (v) optimize and understand the response surface 
within the experimental context (Myers et al., 1989; Chang et al., 2012). 
The method employed in this context is Analysis of Variance (ANOVA), 

as outlined by (Hanrahan and Lu, 2006; Mäkelä, 2017; Zhang et al., 
2020).

ANOVA is conducted to examine the model’s adequacy and discard 
variables that do not significantly influence the model (Khan et al., 
2016), using tests such as lack-of-fit test (F-test), t-test, and R2. A sum
mary of adjustments for different models is available in Table 9. The 
suitable models for MPa and IC include linear, interaction, and quadratic 
terms. The variance analysis results for each model are shown in 
Table 10.

In RSM, R2 measures how well the model explains observed vari
ability, but it can increase with more variables, risking overfitting. 
Adjusted R2 addresses this by providing a more accurate assessment 
(Bezerra et al., 2008; Khajeh, 2009; Mahamad et al., 2015). After model 
selection, t-tests evaluate the significance of coefficients (βi) with Ho: βi 

Fig. 8. Conductivity test: a) curve of relative loss of conductivity and b) relative loss in conductivity (%LC) at 100 and 1000 s for water sludge ash calcined at 100 ◦C, 
600 ◦C, 700 ◦C, 800 ◦C, fresh clay, calcined clay, limestone, and metakaolin.

Table 7 
Electrical conductivity, conductivity variation (Δt), and relative loss conduc
tivity (%LC) for water sludge at 100 ◦C, 600 ◦C, 700 ◦C, 800 ◦C, fresh clay, 
calcined clay, limestone, and metakaolin.

Sample Conductivity (mS/cm) (%LC)100 (%LC)1000

(Cpoza)100 (Cpoza)1000 Δ100 Δ1000

WS100 1.90 0.48 2.85 4.27 59.99 89.84
WA600 1.34 0.89 4.02 4.47 75.03 83.37
WA700 1.71 1.08 3.41 4.04 66.62 78.96
WA800 4.13 1.87 1.14 3.39 50.65 64.44
CL 4.01 3.61 1.23 1.63 23.49 31.11
CC 4.72 4.72 0.54 0.54 10.21 10.21
LS 4.96 4.91 0.09 0.14 1.83 2.74
MK 2.93 2.45 1.82 2.20 38.30 48.29

Table 8 
Experimental results of MPa and IC.

N Pattern MPa IC (mm)

1 “–0” 29.63 197.0
2 “+ − 0” 28.15 321.5
3 “− + 0” 42.53 171.5
4 “++0” 33.37 177.5
5 “-0-” 44.60 150.0
6 “+0-” 41.12 160.5
7 “-0+” 18.36 342.5
8 “+0+” 28.03 379.0
9 “0–” 29.80 244.0
10 “0 + − ” 46.53 176.0
11 “0 − +” 19.65 375.0
12 “0++” 29.28 364.0
13 “000” 39.67 299.0
14 “000” 40.70 299.0
15 “000” 37.00 254.0

Table 9 
Summary of ANOVA results for the different model types.

Dependent Model F- 
value

P- 
value

R2 Adj. R2 Estimate

MPa

Linear 7.47 0.124 0.7618 0.6968
Linear +
interactions

7.98 0.116 0.8285 0.6998

Quadratic 5.65 0.154 0.9348 0.8174 Suggested

IC

Linear 3.32 0.253 0.7844 0.7256
Linear +
interactions 3.87 0.22 0.8294 0.7015

Quadratic 1.46 0.431 0.9569 0.8792 Suggested
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= 0. The T-statistic (|to| = |βi/(standard error βi)|) is compared to the 
critical value based on significance level α, observations (n), and model 
parameters (p) (Mäkelä, 2017). Here, α = 0.05 means coefficients with P 
> 0.05 are non-significant (Basaglia and Pietrogrande, 2012; Zhang 
et al., 2020). The F-test checks for model fit, preferring a non-significant 
lack of fit, and requires true replications in the experimental design 
(Pimentel et al., 1996; Bezerra et al., 2008).

3.8.1. Response Surface Model for MPa
Table 10 displays the coefficients of the quadratic model equation, 

their standard errors, and the P-test values. Notably, the R2 of 0.9348 is 
close to the Adj R2 of 0.8174, indicating a good fit of the model to the 
experimental data. P-values below 0.05 demonstrate the significance of 
the model terms, with only the water content and w/b ratio showing 
statistical relevance among the variables. This is expected, as all WTPA 
exhibited pozzolanic activity independent of the calcination tempera
ture, suggesting that temperature and its interactions do not affect 
compressive strength. The most significant factor is the water-to-binder 
ratio, which can be found in the Supplementary Materia, Section 3. Even 
after removing statistically insignificant terms, they are still considered 
in the model to provide a comprehensive understanding of the studied 
system. The final formulation of the second-order response surface for 
MPa, incorporating all evaluated terms, is expressed by Eq. 6. Fig. 9
presents the contour plot and the three-dimensional representation of 

the MPa model surface. 

MPa = 39.12–0.56◦C + 5.56 Content − 8.34 w/b − 2.00◦C*
◦

C

− 3.71 Content*Content − 4.10 w/b*w/b − 1.92◦C*Content

+ 3.29◦C*w/b − 1.78 Content*w/b
(6) 

Furthermore, the lack of fit test revealed an F value of 5.65, which is 
lower than the corresponding tabulated value for the degrees of freedom 
associated with lack of fit and the variances of pure error (19.16), sug
gesting that there is no evidence of lack of fit with 95 % confidence. In 
summary, a well-fitted model to the experimental data is characterized 
by a significant regression and an insignificant lack of fit, indicating that 
the regression equation explains most of the observed variation. At the 
same time, the residuals, mainly due to pure errors, represent the 
remainder. This condition is directly related to the quality of the model 
(Cornell, 1984; Pimentel et al., 1996). The analysis of residual plots 
provides additional insights into the model’s adequacy, with normal 
distributions of residuals suggesting a good fit, as evidenced in the 
Supplementary Material, Section 3. Abnormally large residuals or pat
terns in the residual plots may indicate the need for adjustments or 
adding terms to the model (Bruns et al., 2006).

Table 10 
ANOVA for the MPa and IC models.

Mpa IC

R2 = 0,9348 R2 = 0,9569

Adj R2 = 0.8174 Adj R2 = 0.8792

Lack-of-fit p-value = 0,154 Lack-of-fit p-value = 0,431

Term Coefficient Standard error P-value Coefficient Standard error P-value

Constant 39.12 2.15 0.000 284.0 16.9 0.000
◦C − 0.56 1.31 0.689 (NS) 22.2 10.4 0.085 (NS)
Content 5.56 1.31 0.008 − 31.1 10.4 0.030
w/b − 8.34 1.31 0.001 91.2 10.4 0.000
◦C*◦C − 2.00 1.93 0.349 (NS) − 49.4 15.3 0.023
Content*Content − 3.71 1.93 0.113 (NS) − 17.7 15.3 0.299 (NS)
w/b*w/b − 4.10 1.93 0.087 (NS) 23.4 15.3 0.185 (NS)
◦C*Content − 1.92 1.86 0.348 (NS) − 29.6 14.7 0.099 (NS)
◦C*w/b 3.29 1.86 0.137 (NS) 6.5 14.7 0.676 (NS)
Content*w/b − 1.78 1.86 0.383 (NS) 14.2 14.7 0.376 (NS)

NS: non-significant (p-value >0.05).

Fig. 9. Response surface of the MPa model (Content vs. a/b, at 700 ◦C), the graphic axes represent the solid content in the main mixture.
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3.8.2. Response Surface Model for IC
The ANOVA of the coefficients for the IC model is presented in 

Table 10. R2 and Adj R2 values are close to 1, indicating a good model. 
The factors significantly influencing the IC are content, w/b, and ◦C*◦C. 
Unlike the MPa model, in the IC model, the squared temperature is 
significant, which is expected, as the different fineness of the materials 
affects their flowability in the plastic state. Especially the WA600 
showed the finest texture and the lowest diametrical index. The derived 
model for IC at coded levels is given in Eq. 7. 

IC = 284.0 + 22.2◦C − 31.1 Content + 91.2 w/b − 49.4◦C*
◦

C

− 17.7 Content*Content + 23.4 w/b*w/b − 29.6◦C*Content

+ 6.5◦C*w/b + 14.2 Content*w/b (7) 

Compared to Eq. 6 for MPa, the w/b ratio positively influences the 
mortar consistency (IC), becoming the most relevant factor. On the other 
hand, the binder content negatively impacts the IC, meaning that the 
finer the binder, the lower the consistency index, reflecting the adverse 
effect of the water demand for maintaining workability. The lack of fit 
test was also used to evaluate the model’s adequacy, whose ANOVA 
results indicated an F value of 1.46. This value is lower than the critical F 
value from tables, considering the degree of freedom associated with 
lack of fit and the variance of random error (19.16), thus indicating that 
there is no evidence of a significant lack of fit at the 95 % confidence 
level. The representative graphs of the IC model are presented in Fig. 10, 
offering a graphical visualization of the analysis performed.

3.8.3. Model optimization
The optimization of the model involves setting specific objectives for 

the desired responses and constraining the variables within an accept
able range or exact values. This allows the model to identify optimal 
conditions, guiding the search for solutions that meet the established 
criteria to achieve the best possible performance (Zhang et al., 2020).

As mentioned earlier, the consistency of the mortar directly in
fluences its strength. A too-dry mixture can result in insufficient adhe
sion and lower strength due to poor distribution of cement and water. In 
contrast, an overly wet mixture can reduce strength due to excess water, 
reducing the adequate cement proportion. Moreover, ideal consistency 
favors effective compaction and minimization of voids, improving 
strength. Adjustments in water proportion and mortar components are 
crucial to achieving the consistency for each application, optimizing the 
final material strength. Therefore, multi-objective optimization should 
be performed for both MPa and IC models.

The fluidity of the paste is determined by the average of the test 

results, resulting in a Consistency Index (IC) of 324.41 mm, while the 
desired compressive strength is 35.57 MPa. After multi-objective opti
mization, the resulting model is illustrated in the Supplementary Ma
terial, Section 3 (where x1 = temperature in ◦C, x2 = content, x3 =

water/cement ratio). The analysis reveals that the ideal combination of 
LC3 with WTPA is a temperature of 719.19 ◦C, 52,86 g of WA700, and 
162.42 g of water, equivalent to a 17.62 % cement replacement and a 
water-to-cement ratio of 0.54, at a temperature of 700 ◦C.

4. Conclusion

The investigation into the pozzolanic properties of the calcined water 
treatment sludge revealed that their fineness decreased from 53 to 
46.16 m2/g with the increase in calcination temperature, due to particle 
sintering, confirmed by laser granulometric analysis, which indicated an 
increase in the average particle diameter (d50 = 28.80 μm). The calcined 
sludge met the criteria of NBR 12653 for pozzolans, demonstrating good 
potential, although sintering at 800 ◦C limited the production of highly 
reactive materials due to the crystallization of specific phases. The 
conversion of 70.17 % of kaolinite to metakaolinite, confirmed by XRD 
analysis, also contributed to the material’s reactivity, enhancing its 
pozzolanic potential. The calcined WTP exhibited significant pozzolanic 
activity, standing out as a good option for highly reactive pozzolans, 
especially in lime, SAI, R3, and electrical conductivity tests, except for 
the WS100 sample, which showed a false positive in the conductivity 
test due to the carbonaceous content. In the pozzolanic compressive 
strength tests with lime, WTPA outperformed commercial pozzolans, 
with strength exceeding 6 MPa, even at lower calcination temperatures. 
The WA700 sample showed the best results, while WA600 was limited 
by fineness and WA800, by sintering, showed lower reactivity. The 
WS100, CL, and LS samples were inert in the pozzolanicity tests. The R3 

and conductivity tests indicated that the presence of kaolinite in the dry 
sludge was crucial for the high reactivity of the samples, with WA600 
standing out for its higher potential.

The response surface results showed that the ash content and water/ 
cement ratio significantly influence the compression index (IC) and 
compressive strength (MPa), with the water/cement ratio being the 
most critical factor. The optimization model identified the ideal 
configuration for LC3 mixtures with WTPA, with a calcination temper
ature of 700 ◦C, a substitution rate of 17.62 % WTPA, and a water/ 
cement ratio of 0.54. These results suggest that calcined materials, 
especially WTPA, are promising as highly reactive pozzolans for con
struction applications.

Fig. 10. Response surface of the IC model (Content vs. a/b, at 700 ◦C), the graphic axes represent the solid content in the main mixture.
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esgoto: uma revisão.

Hewlett, P., Liska, M., 2019. Lea’s Chemistry of Cement and Concrete. Elsevier Ltda.
Hoppen, C., Portella, K.F., Andreoli, C.V., Sales, A., Joukoski, A., 2005. I-106 - Estudo De 

Dosagem Para Incorporação Do Lodo De Eta Em Matriz De Concreto, Como Forma 
De Disposição Final. 23o Congresso Brasileiro de Engenharia Sanitária e Ambiental I- 
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Cyr, M., De Weerdt, K., Dhandapani, Y., Duchesne, J., Haufe, J., Hooton, D., 
Juenger, M., Kamali-Bernard, S., Kramar, S., Marroccoli, M., Joseph, A.M., 
Parashar, A., Patapy, C., Provis, J.L., Sabio, S., Santhanam, M., Steger, L., Sui, T., 
Telesca, A., Vollpracht, A., Vargas, F., Walkley, B., Winnefeld, F., Ye, G., Zajac, M., 
Zhang, S., Scrivener, K.L., 2018. Reactivity tests for supplementary cementitious 
materials: RILEM TC 267-TRM phase 1. Mater. Struct. 51. https://doi.org/10.1617/ 
s11527-018-1269-x.

Liu, Y., Lei, S., Lin, M., Li, Y., Ye, Z., Fan, Y., 2017. Assessment of pozzolanic activity of 
calcined coal-series kaolin. Appl. Clay Sci. 143, 159–167. https://doi.org/10.1016/j. 
clay.2017.03.038.

Liu, J., Zhang, W., Li, Z., Jin, H., Liu, W., Tang, L., 2021. Investigation of using limestone 
calcined clay cement (LC3) in engineered cementitious composites: the effect of 
propylene fibers and the curing system. J. Mater. Res. Technol. 15, 2117–2144. 
https://doi.org/10.1016/j.jmrt.2021.09.023.

Lothenbach, B., Le Saout, G., Gallucci, E., Scrivener, K., 2008. Influence of limestone on 
the hydration of Portland cements. Cem. Concr. Res. 38, 848–860. https://doi.org/ 
10.1016/j.cemconres.2008.01.002.

Mahamad, M.N., Zaini, M.A.A., Zakaria, Z.A., 2015. Preparation and characterization of 
activated carbon from pineapple waste biomass for dye removal. Int. Biodeterior. 
Biodegradation 102, 274–280. https://doi.org/10.1016/j.ibiod.2015.03.009.
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