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Abstract: A model for enabling the production of lower carbon cement paste is proposed in this
research. The model is based on predicting the strength of cement pastes with partial replacement
of wheat straw ash (WSA) and silica fume (SF), two major wastes of agricultural and industrial
production. The model is set up based on response surface methodology and Box-Behnken design,
and included a suite of mechanical tests with distinct replacements following a micro an meso
characterization. The model shows capability for predicting strength of any cement paste, including
partial substitution of WSA and/or SF at any combination level with excellent accuracy, which is
verified with three validation mixtures demonstrating maximum errors of less than 6% at the three
ages. The analysis of the response surface evidences that any cement replacement in the range of 0-
20% WSA and above 5% SF allows the reduction of the carbon footprint by maximizing the
incorporation of both wastes. The proposed model can be used by setting the required strength of
cement paste and calculating the maximum possible replacement, which should contribute to
making the construction industry more sustainable by utilizing local waste.

Keywords: sustainable concrete; cement paste; design of experiment; silica fume; wheat straw ash;
low carbon; supplementary cementitious material; Box-Behnken Design

1. Introduction

According to data provided by the Global Cement and Concrete Association, 14 billion m?® of
Portland cement concrete (PCC) were produced in 2020 [1], and it is estimated that this production
was responsible for 5%-8% of global anthropogenic carbon dioxide emissions [2]. Because
conventional PCC is a mixture of cement, water, admixtures, and mineral aggregates, its most
polluting aspect is the Portland cement manufacturing process, with emissions of approximately 866
kg CO2eq per ton [3], and currently about 4.5 billion tons of cement are yearly produced worldwide
[4]. On the other hand, due to an increase in housing and infrastructure demands, especially in
developing countries, it is estimated that cement production will continue to increase to 5-6 billion
tons per year by 2050 [5]. For example, in Chile, the housing shortage in 2020 was 3.3%, equivalent to
641.421 houses [6], and in other South American countries, similar amounts are demanded. Among
them, the Brazilian housing deficit stands out with a shortage of more than 6 million dwellings [7].
In Colombia, during 2021, the housing deficit was estimated for the first time, and the results showed
a deficit of 5.24 million households, equivalent to 31% of the country’s households [8]. Likewise, in
2015, the Argentine Chamber of Construction estimated the housing deficit based on data from the
2010 census at 1.8 million homes, equivalent to 16.1% of the total housing stock [9]. It is important to
emphasize that, in general, in Latin America, concrete is used in both housing and infrastructure,
among other type of construction.
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For the previous reasons, the concrete industry must move towards sustainability, and one of
the significant measures of such would be reducing CO2 emissions related to the cement content per
cubic meter of PCC acting in the reduction of the clinker factor, which may be accomplished by using
supplementary cementitious materials (SCMs) because such materials have been shown to be
effective in significantly reducing emissions [10]. These replacements have been used either on site
or in cement production and have been extensively studied. Among the best known are industrial
by-products such as fly ash, silica fume (SF), ground granulated blast furnace slag, limestone dust,
and metakaolin, among others [11-19]. Micro silica, for example, is an industrial by-product from
ferrosilicon alloys or silicon industries [20], which has been widely studied and used to improve the
physical and chemical properties of concrete because it accelerates the hydration process of cement
at early ages given its fine particle size [21]. Although agricultural as well as industrial wastes are
varied, the literature supports that the most-studied such wastes are viable to be used as SCMs in
concrete due to their high content of calcium oxide (CaO), silica oxide (S5i02), and alumina (A1203),
which can react with the chemical components of cement and form hydrated secondary calcium
silicates (C-S-H) from the remaining calcium hydroxides (CH) in the cement paste through a
pozzolanic reaction [22]. SCMs improve hydration kinetics, which is mainly favored by the filler
effect. Due to the smaller particle size, SCMs provide an extra surface area capable of acting as a
nucleation site for C-S-H precipitation, in addition to affecting the acceleration and deceleration
periods of hydration, increasing the number of nucleation sites for the generation of hydration
products [10]. Regarding strengthening effects, most SCMs increase the compressive strength of
concrete at late ages due to an improved pozzolanic reaction but decrease the strength at early ages
due to a decreased amount of cement [23]. Regarding the durability of concrete, SCMs tend to act
positively due to a decrease in or refinement of the pores [24-26], decrease in chloride permeability
[27,28], reduction of expansion due to alkali-silica reaction [29], or shrinkage reduction [30,31], among
others. When the excess of CH, which is one of the main factors responsible for the deterioration of
the cement matrix, is reduced, the physical and transport properties of the concrete are improved [32]
thereby also improving its durability. In addition, the mixture of SCM with cement results in a more
complex combination because the simultaneous hydration can influence the reactivity of the other
due to the differences in chemical composition and fineness, among others [10]. In summary, in
addition to the environmental properties, SCMs are also able to improve concrete microstructure,
mechanical properties, and durability.

One limitation of SCMs is the fact that they are not always locally available, mainly due to their
asymmetric distribution in some regions [33]; therefore, it is recommended to produce and use SCMs
locally available. A major source of waste in the world is agriculture because 9.4 billion tons of
primary crops such as sugarcane, corn, wheat, and rice are produced annually to feed the population,
and these crops all have by-products [34]. Many of these by-products can be converted into SCMs,
given the large amounts of biomass residues derived from the harvest, such as leaves, stalks, husks,
or straw [35]. Among the best known are rice husk ash [36-38], sugarcane bagasse ash [39—41], wheat
straw ash (WSA) [42-44], coconut shell ash [39—41,45], and corn cob ash [48,49].

According to cereal production data, wheat is one of the three most-produced cereals, with an
estimated production from 2022-2023 of 776.7 million tons, and its consumption is expected to
continue increasing as a result of population growth [50]. On the other hand, to obtain 1 kg of wheat
grain, 1.3-1.4 kg of wheat straw is generated [51]. Although wheat straw is sometimes used to feed
livestock, a large amount is still considered waste, so, in many countries, it is typically burned in the
fields because it is a fast and economical method to eliminate it. However, method brings negative
consequences such as oxidation of soil organic matter; generation of greenhouse gases; increased
water erosion; air pollution with particulate matter, which leads to serious health problems; increased
risk of fires; and decreased water permeability, among others [52]. Even though there are alternatives
to burning, none have completely solved the problem [53]. In Chile, this problem persists given that
there is a planted area of more than 623,000 ha, which translates into more than 5 million tons of total
stubble throughout the country [54], including crops such as wheat, oats, malting barley, corn, rice,
beans, and lentils. One of the most relevant research projects carried out in Chile on the addition of
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agricultural residues in construction used grapevine shoots with the aim of improving the thermal
conductivity of fired clay bricks [55].

Taking into consideration the previous context, this research considered the use of WSA, started
by Biricik et al. (1999) who demonstrated that this material possessed pozzolanic activity and
triggered the study of this new potential SCM. It is known that the chemical composition of WSA
changes depending on different factors, some related to its place of origin such as variations in soil
conditions and climate, thus directly affecting its pozzolanic efficiency [42]. Furthermore, calcination
temperature and particle size are also important when using WSA as an SCM [42]. Early research
investigated the controlled combustion of WSA for 5 hr at temperatures of 570°C and 670°C [56] and
showed that WSA obtained at 670°C had better pozzolanic behavior. It was then reported that the
mechanical properties “of autoclaved mortar specimens” were improved with WSA obtained by
burning straw at 650°C for 20 hr [57]. Since those studies, several other similar studies have concluded
that the optimum WSA calcination temperature is roughly 600°C, evidencing that upper
temperatures tend to transform the amorphous silica into crystalline silica, thus reducing the
pozzolanic efficiency [58,59].

Although the WSA is a promising material, its incorporation into cement pastes presents some
negative impacts such as the loss of strength, which can be improved using another type of SCM such
as SF. Additionally, the behavior, properties, and modeling of the incorporation of both WSA and SF
so far have not been researched fully.

Therefore, the objective of this study was to set up a model to predict the behavior of concrete
with the addition of WSA in order to allow for the utilization of that agricultural waste in the partial
replacement of cement. Furthermore, the addition of WSA was investigated in combination with SF.
Finally, it is important to highlight that this research was conducted under the umbrella of a larger
research project related to timber-concrete composites slabs. Particularly, this type of structures
allows concrete with relatively low strength.

2. Materials and Methods
2.1. Materials

2.1.1. Raw Materials

For this study, high-strength pozzolanic Portland cement supplied by Melon S.A., Santiago,
Chile, in accordance with ASTM C595 [60] was used with a density of 3,000 kg/m3. WSA was prepared
in the lab according to the procedure explained next. SF use in the research was obtained from a
supplier (Sika) that corresponded to the product SikaFume®, which has a density of 2,200 kg/m?.

The CO2eq values of the raw materials were obtained from the literature and are shown in Table
1; specifically, values for the WSA were not found, so an approximate value for biomass ash is shown.

Table 1. Emissions of CO2 in kg per kg of raw material.

Material COzeq (kg/kg) Reference
Cement 0.813 [61]
Biomass ash 0.05 [62]
SF 0.00001 [61]

2.1.2. Preparation of WSA

The straw waste used in this investigation was obtained from durum wheat (Triticum turgidum
var. Durum L.) harvested in Linares, a central region of Chile with a mild Mediterranean climate, Csb
according to the Koppen climate classification. The wheat straw was burned in an electric furnace
with an initial temperature of 50°C and subsequent heating at a rate of 10°C/min up to 600°C for 120
min, following previous pozzolanic efficiency studies [59,63,64]. Once burned, the wheat straw was
rapidly cooled by setting the ashes at a controlled room temperature of 20°C. For each calcination, a
consistent ash yield of 7% of the original straw weight content was obtained. The resulting ash was
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then filtered through a #50 sieve to reduce the particle size and thus increase surface area because
fineness has been reported to yield higher pozzolanic performance [42]. The density of this material
was 2,210 kg/m? [63].

2.1.3. Definitions of the Design of Mixtures

The definitions of the input levels of the different variables necessary for setting up the
theoretical model were determined from the literature so that calculations could be made to properly
infer intermediate values not studied experimentally [65]. The proportion of cement to be replaced
in mass was based on a literature review so that the maximum WSA replacement ranged up to 20%,
beyond which several authors reported significant decreases of the pozzolanic reaction [42,66].
Likewise, the maximum SF replacement percentage was set up to 10% because multiple studies
demonstrated a relevant worsening of the mechanical properties beyond this value [67-69].
Additionally, the water content represented by the water-binder ratio (W/B) ranged from 0.4 to 0.6 to
obtain complete hydration of the cement particles. The designed mixtures were classified in three
categories or combinations: 100% cement (mono), binary, and ternary mixes using the two SCMs. In
conclusion, the final selected variants entailed W/B ratios of 0.4, 0.5, and 0.6 and WSA and SF
replacements of 0%, 5%, and 10%.

2.2. Methods

2.2.1. Experimental Design and Predicting Modeling/Carbon Footprint

The experimental design was set up to subsequently build a Box-Behnken design (BBD) model
capable of inferring intermediate values not necessarily tested in this investigation. Figure 1 presents
an illustration of the BBD model experimental design space. The BBD allows for fewer experimental
runs than does a central composite design (CCD) because the BBD needs only three levels defined (-
1,0,1) whereas the CCD needs five (-a,-1,0,1,a). This methodology was used to predict the response
variable with three input variables, in which the coefficients were estimated and adjusted to a
mathematical model capable of being adjusted to check the effectiveness of the model [65]. The
response surface methodology (RSM) allowed for the correct multivariable analysis, in which the
variables of interest were affected by others. The objective of setting the BBD was that the experiments
and thus the data collection would permit a model that fit in such a way that the response variable
obtained accurate values, thus predicting the behavior of the variable in question. An example would
be the determination of local tendencies, maxima, or minima [70], with the objective of improving the
processes involved. The mathematical formulation of the BDD can be expressed as a quadratic or
higher-order polynomial as shown in Equation (1):

n n n n
Y=ﬁo+zl ﬂi%’"‘z, Bixi2+zl Z Bijxix; + € (1)
i=1 i=1 j=1 i=1

where Y represents the variable to be predicted, x the values of each decision variable, § the
regression coefficients, B, the expected value of Y if all the variables associated with the response
are equal to 0, n the number of variables i, and j and ¢ a random error of the system [71].
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W/B

WSA

Figure 1. BBD model.

To calculate the impact of using SCMs on the reduction of the carbon footprint, COzeq/m? was
calculated using the COzeq values (kg/kg) obtained from the literature with the mix ratios used
according to the design considered above.

It can be seen how this value was obtained from Equation (2), which shows the COz2eq/m?of a
ternary mixture:

C0,eq
m3

Ternary mixture
kg kg
= Cementcontent [W] x CO,eqCement [@]
kg . kg
+ WSAcontent [W] x CO,eqBiomassAsh [@]
kg kg
+ SFContent [ﬁ] X COZEQSF [@:I

As Equation 2 shows, increasing the replacement with both WSA and SF will decrease the
COzeq/m?. Therefore, in order to compare how the resistance obtained was related to the carbon
footprint emitted, the intensity indicator was analyzed, which allowed the estimation of the global
warming potential in the formulations by calculating the amount of binder required (kg/m?3) to
provide 1 MPa of resistance and was expressed as COz2eq/m3/MPa.

2.2.2. Mixing and Preparation of Specimens

The materials were mixed in accordance with the ASTM C305-20 standard [72] using a
mechanical overhead stirrer to homogenize the dry components prior to the addition of water. Cubic
specimens were manufactured following ASTM C109-21 [73], with dimensions of 20 mm to optimize
resource utilization. A total of nine specimens were cast for each cement paste mixture with the aim
of assessing the evolution of compressive strength after 7, 28, and 56 days of curing (three identical
specimens for each time interval). The specimens were stored in a curing chamber, maintaining
temperature and relative humidity conditions as prescribed by ASTM C511-13 [74] for a duration of
24 hr. Subsequently, the specimens were demolded and immersed in water until testing as can be
seen in Figure 2.
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Figure 2. Curing of specimens in water.

2.2.3. Particle Size Distribution

The particle size distribution was performed in the raw materials by wet method laser diffraction
using a Mastersizer 2000 (Malvern Instruments) Hydro 2000S wet sample dispersion unit with
recirculating pump. The dispersant used was isopropyl alcohol.

2.2.4. Compressive Strength Tests

As per the ASTM C109-21 [73] standard, compression tests were performed on cubic specimens
using a 300 kN-capacity universal testing machine Laryee UE34300 at a loading rate of 2.4 kN/s at 7,
28, and 56 days old with three specimens tested at each age. Figure 3 shows the different samples that
were tested in compression.

Figure 3. Compression test of samples.

2.2.5. Field Emission Scanning Electron Microscopy/Energy-Dispersive X-ray Spectroscopy

The field emission scanning electron microscopy (FE-SEM) analysis of all paste mixes was
performed on crushed specimens at 56 days old. Samples of raw materials (cement, WSA, SF) were
also analyzed using a Quanta FEG250 microscope. All specimens were examined for changes in
morphology and composition, and magnification scales were chosen according to representative
particle sizes. All the samples were spread on carbon tape and coated with a gold layer approximately
5 nm thick to improve sample conductance.

2.2.6. Isothermal Calorimetry

The isothermal calorimetry was performed in the paste mixtures according to ASTM C1679- 14
[75] using a TAM Air isothermal calorimeter at 23°C for 7 days with duplicated samples for each
mixture. The fresh mixtures were weighted with an ampoule and directly placed in the calorimeter.
The heat-release rate was normalized according to the weight of cementitious materials.
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2.2.7. X-ray Fluorescence

The analysis of the samples was conducted using a wavelength dispersive sequential
spectrometer (WDX, 54 equipment). The measurement was performed using the Fast-Vac34 method.

3. Results and Discussion
3.1. Discussion of the Experimental Results

3.1.1. Particle Size Distribution

The particle size distribution (PSD) is summarized in Figure 4. The cement particles had an
average particle size (Ds,) of 14.22 um. WSA had a Ds, of 32.2 um and presented a wider distribution,
which therefore could have improved the packing density of the blends [76]. SF was the finest
material, with a Ds, of 0.674 um; however, in Figure 4, it appears as the coarsest material, with a Dsq
of 113 pm, because particles were agglomerated, so the properties of blended cement pastes may
have been controlled by the agglomerated size of this particle, which led to the pozzolanic reactivity
potential of this SCM decreasing considerably, resulting in an increase in the late-age strength of the
mixtures [77].

100

90
80
70

60
50

30

20

Average volumetric fraction [%]

10

0,1 1 10 100 1000 10000

Average particle size [um]
Figure 4. Particle size distribution of raw materials.

3.1.2. Field Emission Scanning Electron Microscopy

The morphological characteristics of the materials were visualized by Field Scanning Electron
Microscopy (FE-SEM). It was observed that the SF was in an agglomerated state with a large spherical
shape (see Figure 5 (a and b)) by a large number of fine SF particles, approximately <1 um (see Figure
5 (c)), which was in concordance with the PSD test shown in Figure 4.

This size of the agglomerated silica particles directly affected the strength of the cementitious
mixes. Since the pozzolanic reaction would only take place at the agglomeration surface and at early
ages, the strength of cement pastes would be most affected because, for conventional concrete mixes,
the aggregates are able to separate these particles [78,79].
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Figure 5. (a) Morphology of silica fume by electron microscope, (b) agglomeration and (c) silica
fume.

The FE-SEM of the rest of the constituents at a scale of 20 mm is shown in Figure 6. As can be
seen in this figure, cement particles were the smallest, followed by WSA and SF, respectively. Figure
6 (a) shows the cement with particles of different sizes, where an angular morphology can be
appreciated. Figures 6 (b) and (c) show two distinct structures: on the one hand, elongated and flat
structures in the longitudinal direction and, on the other hand, a honeycomb structure corresponding
to a cross section of the WSA particle. Moreover, as can be observed, these ashes are very porous,
thus explaining the decrease of workability in the mixtures because the pores absorbed the mixing
water [80].
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Figure 6. Morphology of cement and WSA. (a) cement particles, (b) and (c) WSA.

3.1.3. Isothermal Calorimetry

The normalized hydration heat and the normalized heat flow from selected mixtures at 48 hr are
presented in Figures 7 and 8, respectively. In the mixes nomenclature of BBD experimental design
that it is explained in section 3.1.5, B corresponds to the W/B ratio, W to WSA, and S to SF. A water-
cement ratio of W/B = 0.5 was used for all the mixtures in the calorimetry test. The mixtures used for
the analysis corresponded to a cement-only mixture (B0.5W0S0), a binary mixture with WSA
(B0.5W20S0), and another with SF (B0.5W0S0). The B0.5W0S10 mix showed the highest value of
hydration heat when the calorimetry data were normalized by cement. This result indicated that the
B0.5W0S10 mix produced the highest number of hydration products during the first 24 hr.
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Figure 7. Normalized hydration heat.
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Figure 8. Normalized heat flow.
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3.1.4. X-ray Fluorescence of Raw Materials

As shown in Table 2, the cement was mainly composed of CaO, SiO,, Al,03;, and Fe,0;, which
were present in silicate and aluminate forms. SF was composed almost entirely of Si0, in 95.5% of
its weight. Finally, the WSA obtained was mainly composed of Si0,, K,0, and CaO. However, the
oxides did not total 100% because there was organic matter that was calcined in the form of carbon,
and this was not detected by the equipment.

Table 2. Chemical composition of raw materials.

Compounds Cement (%) WSA (%) SF (%)
CaO 59.0 5.33 0.18
5i0, 24.8 27.12 94.50

ALO; 5.80 0.57 -
Fe, O3 3.29 0.15 0.14
SO; 2.88 0.79 -
MgO 1.07 0.52 -
K,O 0.79 6.81 0.45
TiO, 0.23 - -
SrO 0.09 - -
Cl - 1.18 -
P,05 - 0.69 -
Na,O - 0.42 -
MnO - 0.17 -
LOI 2.01 - 4.76

3.1.5. BBD Experimental Design

In order to determine the compressive strength of the 15 mixes (combinations), Table 3 presents
how the different levels (-1,0,1) were distributed for the three studied variables, W/B, WSA and SF,
where the last two show the percentage of cement replacement by weight; for example, for the first
mix, the levels were -1, -1, and 0, which means a water-cement ratio of 0.4, with 0% WSA cement
replacement and 5% SF cement replacement.

In the mixture’s nomenclature of BBD experimental design, B corresponds to the W/B ratio, W
to WSA, and S to SF.

3.1.6. Compressive Strength of Hardened Samples

Figure 9 presents the results of compressive strengths for each mix at 7, 28, and 56 days of curing.
From Figure 9 it is possible to determine that, in general, compressive strength increased with age.
Also, these results are used to build the model and the regression analysis presented in the next
section.

Asevidenced in Figure 9, the compressive strength of the different combinations presented some
variability as expected, and some combinations did not have high strength. The agglomerated silica
particles may have directly affected the strength of the cementitious mixes. Since the pozzolanic
reaction only took place at the agglomeration surface and at early ages, the strength of cement pastes
would have been most affected because, for conventional concrete mixes, the aggregates were able to
separate these particles [78,79]. Therefore, based on the literature and results obtained by SEM and
PSD, in the mixtures in this study, the particle size of the agglomerated micro silica was the one that
controlled the mechanical properties of the cement pastes.
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Table 3. Summary of the different paste mixes with cement replacement by WSA and SF.
Levels in the BBD model Experimental composition
Mixes nomenclature W/B WSA SF W/B WSA (%) SF (%)
B0.4W0S5 -1 -1 0 0.4 0 5
B0.6W0S5 1 -1 0 0.6 0 5
B0.4W20S5 -1 1 0 0.4 20 5
B0.6W20S5 1 1 0 0.6 20 5
B0.4W10S0 -1 0 -1 0.4 10 0
B0.6W10S0 1 0 -1 0.6 10 0
B0.4W10510 -1 0 1 0.4 10 10
B0.6W10510 1 0 1 0.6 10 10
B0.5W0S0 0 -1 -1 0.5 0 0
B0.5W20S50 0 1 -1 0.5 20 0
B0.5W0S510 0 -1 1 0.5 0 10
B0.5W20510 0 1 1 0.5 20 10
B0.5W10S5-1 0 0 0 0.5 10 5
B0.5W10S5-2 0 0 0 0.5 10 5
B0.5W10S5-3 0 0 0 0.5 10 5
e R7 _
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Figure 9. Compressive strength.

The microstructure of samples at 56 days obtained by FE-SEM is shown in Figure 10. By
comparing Figures 10 (a) and (b), it can be noticed that the latter shows more amorphous structures
due to the pozzolanic reaction of SF with unreacted compounds of the cement to form secondary
calcium silicates. In addition, the pore size decreased due to the nucleation of the cement causing a
more compact microstructure and therefore increasing the strength of the cement pastes. Figure 10
(d) shows how WSA was incorporated into the mixture whereas Figure 10 (c), being on the same scale
as the control paste, showed a decrease in pore size, an increase in hydration products, and a
densification of the matrix.
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Figure 10. FE-SEM images of pastes at 56 days. (a) cement, (b) SF and (c) WSA at 1 um, (d) WSA at
20 pm.

3.2. Multiple Regression Analysis and Design Model

3.2.1. Data Analysis and Model Adjustment

The results of the Shapiro-Wilk test, which is a statistical test used to determine whether a set of
data comes from a normal distribution, is presented in Table 4. As shown in the table, a p value > 0.05
was obtained at all ages; therefore, the null hypothesis could not be rejected, and the population of
data was normally distributed. In addition, the quantile-quantile graphs shown in Figure 11 for all
ages and mixtures evidenced a tendency towards a straight line, further confirming their normal

distribution.
Table 4. Shapiro-Wilk normality test.
Age W p value
7 days 0.97 0.86
28 days 0.97 0.89
56 days 0.97 0.85
(a) Normal Q-Q (b) Normal Q-Q
50 z 7 140
P — ° @ :‘3 n ° 90
03 w | o1 >
T T T . T T T
1 0 1 1 0 1
Theoretical Quantiles Theoretical Quantiles

R7 ~ FO(X/B, WSA) + TWI (X/B, WSA) + PQ (X/B) R28 ~ FO(X/B, WSA, SF) + TWI (X/B, WSA) + PQ (X/B, SF)
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R56 ~ FO(X/B, WSA, SF) + TWI(WSA, SF) + PQ (SF)

Figure 11. (a) 7-day, (b) 28-day (c) 56-day quantile-quantile plots.

The results of the analysis of variance of the strength prediction model at 7, 28, and 56 days are
shown in Tables 5, 6, and 7, respectively. The validation method was based on demonstrating,
through the p values < 0.05, which variables were the most important to represent the regression
model. Those variables were to be kept or eliminated from the model depending on how they affected
the predictive fit of the model over the entire response surface. For all the above reasons, to complete
the validation and correct the model, we also computed the R?, RZ, » and lack of fit.

The R? obtained from the model already adjusted for the three ages (7, 28, and 56) corresponded
t0 RZ44ys = 92%, Rigaays = 93%, and RZgu4,s = 83%, respectively. This indicated a good fit of the
regression model and explained more than 80% of the variability of the data as well as a significant
relationship between predicted and calculated values for all ages. By taking into account the predictor
variables of the three models, we obtained the R3, ; for the three ages, with values of R3, j—7days =
89%, Riaj-28daays = 88%, and Ry seaays = 77% , meaning that the parameters investigated
explained a large percentage of the variation in the sample while the difference was the overall
variance not explained by the model. The predictor variables were chosen through a process of
iteration that allowed the improvement of the model at a global level, with the criteria described
above. Finally, to complete the validation, we analyzed the lack-of-fit, yielding a p value;g,ys = .065,
p value,gqays = .92, and p valuesggays = 47, which is non-significant, implying that the predictions
made by the model were as good as if additional experiments were performed (maintaining the
experimental conditions).

Table 5. Analysis of variance and estimated coefficients of compressive strength for the 7-day

model.
Factor Coefficient Std. Error t value Pr (> Itl)
Constant 17.62 0.65 27.07 0.0000000001093***
W/B -4.69 0.61 -7.7 0.01649***
WSA -3.3 0.61 -5.14 0.0004356***
W/B:WSA 4.13 0.86 4.8 0.0007220***
(W/B)? -2.14 0.89 24 0.0373727%

Note: significance codes: 0 *** 0.001 ** 0.01 "* 0.05°."0.1" " 1

Table 6. Analysis of variance and estimated coefficients of compressive strength for the 28-day

model.
Factor Coefficient Std. Error t value Pr (> Itl)
Constant 25.13 1.14 22.04 0.00001896***
W/B -5.31 0.84 -6.32 0.0002274***
WSA -5.35 0.84 -6.38 0.0002136***
SF -1.53 0.84 -1.82 0.1057541
W/B:WSA 3.48 1.19 2.93 0.0189174*
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(W/B)? -3.39 1.23 -2.75 0.0249159*
(SF)? 3.52 1.23 2.86 0.0211537*
Note. Significance codes: 0 “***” 0.001 ** 0.01 “* 0.05". 0.1 " 1

Table 7. Analysis of variance and estimated coefficients of compressive strength for the 56-day

model.

Factor Coefficient Std. Error t value Pr (> Itl)
Constant 26.21 1.25 21.04 0.000001308***
W/B -5.21 1.17 -4.47 0.001203**
WSA -5.08 1.17 -4.36 0.001423**
SF 0.8 1.17 0.68 0.510685
(SF)? 5.52 1.71 3.23 0.008980**

Note. Significance codes: 0 “*** 0.001 “*** 0.01 " 0.05°." 0.1 " 1

3.2.2. Models and Interactions Effect of Factors

With the adjustments made and the validations obtained, the following equations for the
compressive strength regression models could be determined, where the variables were normalized:

w w W2 3
Craays = 17.62 = 4.69 & —3.13 WSA +4.13 5« WSA - 2.14 (E) 3)

w w Wy ?
Cogdays = 25.13 —5.31 B 5.35 WSA — 1.53 SF + 3.48 B * WSA - 339 (E) + 3.52 (SF)? “)

W
Cseaays = 26.21 —5.21 B 5.08 WSA + 0.8 SF + 5.52 (SF)? 5)

Once the models for each age were defined, it was possible to identify the behavior of the most
important variables and how they affected the compressive strength of the mixes. Figure 12 illustrates
the response surface at different ages: (a) shows the interaction among the significant variables of the
model at 7 days W/B with WSA, and (b) and (c) show the interaction at 28 and 56 days, respectively,
between the variables SF and WSA keeping W/B constant at the mean level of 0.5.

(b)

ORI

Y
Sy

S OCR T IRONSORTOREE
AP UERIE
" ‘sttsgssst\:%;}‘:\“‘/ 10
= W IS
05 "\‘8&3‘3\{‘3‘“ 05
“\gt\s:‘“
&
$

1.01.0 Slice at W/B =0 Slice at W/B =0

Figure 12. 3D model of RSM. (a) 7, (b) 28, and (c) 56 days with W/B=0.5.

In general, the effect of the W/B cementitious water ratio decreased the mechanical compressive
strength as its levels increased at all ages, which can be observed in Equations (3), (4), and (5) above,
so this ratio was identified as a significant variable in them.

In the 7-day model, we observed that the substitution of cement by WSA was a significant first-
order variable that negatively affected the strength throughout the response zone and was observed
in the regression equation (see Equation (3)). As shown in Table 5, the interaction between W/B and
WSA was significant, mainly because of the variations in strength caused by both variables (see
Figure 13 (a)), because by reducing the W/B ratio from 0.55 to 0.4, the replacement of cement by WSA
contributed to the loss of strength more directly by replacing more mass.
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For the 28-day model, the significance of the variables exposed at 7 days was maintained, for
both the first-order variables and the interaction between W/B and WSA, but the main difference was
that now the second-order terms for the variables W/B and SF were significant. It is important to take
into account that due to the chemical and morphological composition of SF, it was to be expected that
at late ages, it would begin to have relevance in the increase of resistance, which was also confirmed
by the regression model in Equation (4). It is also possible to observe the effect of the second-order
factors on the response surface in Figure 12 (b), which shows concavity on the axis associated with
SF. In the same line, in the contour plots (see Figure 13) relating WSA to SF (see Figure 12 (b)), it is
possible to observe that for the SF axis, approximately from levels -5%-5%, where the concavity was
found, the resistance decreased.

Finally, the 56-day model further confirmed what was described above because, for this model,
the second-order coefficient corresponding to SF was the only significant one and largely determined
the strength increase at this age (see Equation (5)) because the highest level of substitution (10%)
managed to overcome the strength of the cement-only mix (see Figure 10). Likewise, from Figure 13
(c), we can see that from the intermediate level of replacement, i.e., 5%, up to the highest level of SF,
the strength of the mixes increased independently of the amount of WSA replacement, maximizing
in this range the total amount of replacement that could be generated with both SCMs.

P
®
2
2.
21,
2
. B L AN £y 2. B 2 2w A
T T
5 05

WSA
W/B Slice at W/B =0

N

0 2 o
Q7 2 f
o | ?.z“\\

T T T T T
-1.0 05 00 05 10

(c)
= Pl 3./
f
%8 A
‘C_:ﬁ \-\s 2 \\\\\

-1.0 05 0.0 05 10
WSA
Slice at W/B =0

Figure 13. Contour plots for (a) 7, (b) 28, and (c) 56 days with W/B=0.5.

3.2.3. Model Validation

To validate the RSM, three mixtures were chosen and are shown in Table 8.

Table 8. Validation mixtures to confirm the predictive model.

Mixtures W/B WSA SF W/B WSA (%) SF (%)
B0.5W15S10 0 0.5 1 0.5 15 10
B0.51W1259 0.1 0.2 0.8 0.51 12 9

B0.5W12S5 0 0.2 0 0.5 12 5

The experimental results can be seen in Figure 14 where the -P mixtures correspond to the values
predicted by the model while the -E mixtures correspond to the experimental values obtained at 7,
28, and 56 days. Table 9 shows the model errors with respect to the mean of the experimental results
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at each age, where a conservative model was observed, because in 90% of the cases, the experimental
results showed higher values than the model. Therefore, in addition to accurately approaching the
values predicted by the model, the low errors (the maximum was 6.1%) confirmed the use of the BBD
and the RSM to optimize the design of mixes with SCM cement substitution.

[_|r7
R28
[ R56

35

30

25

Compressive Strength (MPa)
N
(=]
Il

R

BOSWI2S5-E

BO.5SW15510-P -1
B0.5SW155810-L
BO.5S1W1289-P
BO.STWI259-E o
BOSWI2S5-P

Figure 14. Predicted (-P) and experimental (-E) mixes from RSM.

Table 9. Model prediction errors as per the validation experiments.

Mixtures Model error 7 days (%)  Model error 28 days (%)  Maodel error 56 days (%)

B0.5W15510 4.8 4.1 5.1
B0.51W1259 22 54 6.1
B0.5W12S5 5.6 0.3 -2.7

3.2.4. Carbon Footprint

In order to analyze the COzeq emissions of pastes, the kg of COz per unit volume (m?) of pastes
with a W/B ratio of 0.5 were calculated because this W/B ratio contained mono, binary, and ternary
mixes. First, considering the COzeq values (see Table 1), as the replacement of cement by SCM
increased, the CO2/m? decreased, which is why we analyzed it on the basis of the intensity index.

Figure 15 shows the compressive strength and the intensity index, which, as described in
previous paragraphs, allowed us to measure the amount of binder required for 1 MPa of compressive
strength, defined as COzeq (kg/m?) / strength (MPa) at 56 days. In order to have a reduction of COzeq
emissions with an increase in compressive strength, the intensity index needed to be lower.

According to the results, the ternary mixture BO.5W10S5 had the highest intensity index because,
although the total replacement was 15%, the levels used were intermediate and, as explained in
previous paragraphs, it was the most unfavorable region in terms of resistance. However, the
opposite scenario was the case with B0.5W20510 (also ternary), which was in the optimal region of
replacement to obtain higher mechanical properties. Comparing both cases, it was possible to
determine that the last mix was 29% lower in terms of COzeq / strength and had a higher resistance
at 56 days, confirming that the proposed region was better in terms of both resistance and reduction
of COz emissions. Furthermore, compared to the cement-only mix (B0.5W0S0), B0.5W20510 was 11%
lower in terms of CO:z emissions.

Finally, it is important to highlight that BO.5W20510 presented lower CO: emissions per ms, even
though its strength was not the highest. At the same time, B0.5W20S0 (only WSA replacement)
presented lower compressive strength and the highest COz emissions.
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Figure 15. Carbon footprint (intensity index) versus 56-day compressive strength.

4. Conclusions

In this research it was evidenced that the use of agricultural and industrial wastes as SCMs, more
specifically wheat straw ash (WSA) and silica fume (SF), was technically feasible in certain
proportions. Their utilization as replacements could be maximized using an RSM because this
approach effectively achieved cement paste formulations, allowing lower CO: given a required
strength at different ages, namely 7, 28, and 56 days. In addition, the physicochemical
characterization of the materials allowed for better understanding and explanation of the resulting
design model. The main results and conclusions of this investigation are outlined in the following.

Three statistical models were developed using the BBD, which accurately enabled us to predict
the strength of all possible combinations of the variables W/B in the range 0.4-0.6, SF in cement
replacement by mass from 0%-10%, and WSA from 0%-20% with good values of RZ;; (Ri4j-7days =
89%, Riaj-28aays = 88%, and RZgj_seaays = 77%). This demonstrated that a large part of the
variance was explained by the models. In addition, a good fit over the experimental points was
prioritized over the whole response surface with the values of the lack of fit, which were non-
significant, with p > .05 (p value;gays =.065, p valueygqays =.92, and p valuesggays = 474). The
predictions were as accurate as if additional experiments had been performed, so the regression
model showed an excellent fit. To confirm the model, three mixes were tested with different
proportions of SCM at a W/B ratio = 0.5 with a high percentage of cement substitution, which resulted
in values close to the predicted values, with maximum errors of 6% at the three ages. Therefore, the
proposed model may be a suitable means of predicting the strength of this type of mix.

With values based on the models, we established that, for any addition of WSA between 0%-—
20% and SF between 5%-10%, the mechanical strength losses generated by the incorporation of WSA
were reduced, maximizing the incorporation of both SCMs. Furthermore, with this response surface
analysis together with the regression equations, it was possible to predict compressive strength at
different ages. Therefore, a good strategy for minimizing the carbon footprint may be setting the
required strength and calculating the maximum possible cement replacements, which should
contribute to making the construction industry more sustainable by utilizing local waste.

Overall, the findings of this research extend the knowledge associated with the possibility of
including WSA as a supplementary cementitious material (SCM) that is synergic with other SCMs
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such as SF; as a result, the clinker factor and the CO2 emissions in the material can be reduced, thus
allowing a cement pastes with a lower carbon footprint.
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