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Abstract 

The main objective of the present work is to evaluate using alkaline wastewater from pot factories (recycled NaOH 
solutions with variant concentrations and pH values) along with waste powders possessing pozzolanic proper‑
ties, such as supplementary cementitious materials and stone waste dust in concrete under normal manufacturing 
conditions. An extensive analysis of the chemical components and the physical properties of the used materials was 
achieved. Both supplementary cementitious materials and stone waste dust materials were used as 0%, 10%, 20%, 
or 30% partial cement replacements using either tap water or alkaline wastewater to make samples for physical, 
mechanical, and microstructure testing. Thermodynamic modeling was used to evaluate the effect of the flushed 
alkaline industrial water and the powders on the hydration products. The results showed an increase in the work‑
ability of the mixes made with alkaline wastewater, an increase in water absorption for samples made with alkaline 
wastewater at the age of 28 days, and a relative decrease in compressive strength at 3 and 28 days, respectively. 
Despite the reduction in mechanical strength, most samples made with alkaline wastewater and 10%, 20% supple‑
mentary cementitious materials, or stone waste dust materials gave an accepted concrete grade. The microstructure 
analysis showed a slight change in pores distribution, pores values, and hydration products at 3 and 28 days. The ther‑
modynamic analysis provided insight into data on the effect of supplementary cementitious materials, stone waste 
dust materials, and alkaline wastewater on hydration products. Finally, the combination of these wastes in concrete 
production showed satisfactory conclusions.

Keywords Alkaline water, Supplementary cementitious materials (SCMs), Stone waste dust materials (SWDs), Physical 
properties, Mechanical properties, Thermodynamic properties

1 Introduction
Sodium hydroxide (NaOH) residues resulting from uten-
sils factories and carpet and rug factories represent a sig-
nificant financial burden for treatment before disposal 
in drainage networks. These residues can be highly cor-
rosive and, if not properly treated, can damage the local 
water supply and have a negative environmental impact. 
Additionally, the work of shaping and cutting stones 
results in a large amount of waste that must be disposed 
of in an environmentally responsible manner. This waste 
often fills vast areas of land and requires high costs for 
disposal in many industrial areas in the world. Proper 
management of these residues is essential to preventing 
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environmental damage and protecting the health of local 
communities. On the 10th of Ramadan city, an Egyptian 
industrial city, the treatment and disposal of the NaOH 
solution after several times of its use represents a bur-
den on manufacturers and the surrounding environment. 
The environmental effect of NaOH industrial waste as a 
very high production volume compound has been stated 
in European Commision, 2006. Although Na is an essen-
tial nutrient for living organisms, the effects on the pH 
value of the aquatic environment are a major concern. 
Also, adverse effects are due to  OH−. In Ghrair and Al-
Mashaqbeh, (2016), mortar and concrete mixes made 
with secondary treated wastewater from a wastewater 
treatment plant in Jordan showed no negative impact on 
compressive strength or soundness value. In an investi-
gation on waste wash water from ready-mix concrete 
plants with extremely high dissolved solids 9000  mg/L, 
heavy metals, and extremely alkaline with pH 12, the out-
comes of experimental work revealed that when it was 
used to replace 75% of the mix water, it did not result 
in statistically significant strength reductions at the 95% 
confidence level. There were no major implications for 
workability (Ghrair et al., 2020).

On the other hand, using stone waste dust (SWD) 
from the ornamental stone industry and supplementary 
cementitious materials (SCMs) from cement, steel, and 
industrial production alleviates the environmental bur-
den. Besides the side effects of its uncontrolled dumping, 
the SWD has been shown to have a detrimental effect 
on public health (El-Gammal et  al., 2011). The effect of 
SWDs and SCMs on cement pastes has been investi-
gated in some research (Abdel-Gawwad et  al., 2019; 
Kumar et  al., 2013; Vollpracht et  al., 2016). A reaction 
prediction approach in conjunction with a strength–
heat master curve was used to simulate the hydration of 
various mixes composed of limestone (LS) as a partial 
replacement of cement, optimizing the binder propor-
tion (Kumar et al., 2013). The variables included type of 
cement, LS fineness, and percentage of partial replace-
ment. The effect of SCMs on the pore solution composi-
tion of blended cement was reviewed in Vollpracht et al. 
(2016). The effect of the partial replacement of marble 
dust (MD) in a cement mortar on the fresh and hard-
ened properties was studied (Abukersh & Fairfield, 2011). 
The results proved that the best exchange value is 10%. 
The effect of grinding degrees of CKD up to nano-scales 
was studied as a partial substitute for cement in cement 
mortar mixes. The results showed an improvement in 
compressive strength ranging between 15 and 30% at a 
CKD replacement ratio of 20% (Bacarji et al., 2013). The 
analysis demonstrated a decrease in the proportion of 
Portlandite following the increase in the degree of fine-
ness of CKD and an enhancement of the microstructure 

due to the improvement of hydration products. An equal 
volume of MD paste to the cement paste in mortar mixes 
was replaced (Vijayalakshmi et al., 2013). Using 20% MD 
paste leads to a 33% decrease in cement content and an 
increase of 20% in compressive strength at 28 days. How-
ever, this percentage of paste replacement leads to a sig-
nificant increase in superplasticizer dose.

The contribution of SWDs and SCMs to concrete 
mixes has been studied in many works (Ashish, 2019 Feb; 
Gudainiyan & Kishore, 2023; Tugrul, 2019). The partial 
replacement of cement by weight with 30% red granite 
dust (GD) showed strength results comparable to, or bet-
ter than, equivalent control mixes (Abukersh & Fairfield, 
2011). The effect of the crystalline nature of MD and 
GD used as a partial cement replacement was investi-
gated. The non-pozzolanic nature of the powder showed 
no enhancements to the compressive strength up to 5% 
replacement. The numerical analysis of this work gave a 
clear correlation between the replacement of these fillers 
and the resulting compressive strength. MD was used as 
an additive in conventional, self-compacted, and poly-
mer concrete mixes. The major contribution of MD was 
noticed in the conventional concrete, while it showed 
no effect on the other mixes. A comprehensive review of 
granite waste’s use in concrete production was made as a 
partial aggregate or cement replacement (Arel & Shaikh, 
2019). When granite waste was used as a fine aggregate 
partial replacement, the best mechanical performance 
was achieved at a ratio equal to or less than 15%. When 
GD was used as a partial cement replacement, the best 
mechanical performance was achieved at a ratio equal 
to or less than 5%. The workability of concrete made 
with granite waste as a partial replacement for aggregate 
was adversely affected. In an interesting review (Tugrul, 
2019), correlation equations were proposed to predict the 
compressive and tensile strength of concrete containing 
marble waste as a partial replacement of sand or cement. 
The durability of cementitious materials with SWDs and 
SCMs was discussed in some studies (Lauermannová 
et  al., 2020; Taji et  al., 2019; Zajac et  al., 2018). Several 
types of research have been done on using coarse waste 
aggregates in concrete (McNeil & Kang, 2013). In these 
studies, the mechanical performance of different types of 
coarse aggregate was observed, with some results show-
ing improved mechanical performance compared to 
natural coarse aggregate (Tugrul Tunc & Alyamac 2020; 
Tugrul Tunc & Esat, 2019).

Although many studies (L’Hôpital et  al., 2016; Shi & 
Lothenbach, 2020; Weerdt et  al., 2019) have proved the 
usefulness of thermodynamic equilibrium models for 
describing cement hydration, the success and accuracy 
of these results depend on a reliable thermodynamic 
database (Abzaev et  al., 2019; Kunther et  al., 2016; Shi 
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& Lothenbach, 2019). Thermodynamic and thermody-
namic software became crucial to understanding the 
fundamental connections between composition and the 
formed hydrates for a certain mix composition. Hence, 
predicting their mechanical and durability aspects could 
be achieved (Fernández et al., 2018; Lothenbach & Zajac, 
2019; Prentice et  al., July 2018). Some related research 
works found (El-Dieb et al., 2019; Jhatial et al., 2023; Liu 
et al., xxxx) that using some SCMs, such as BFS and CD, 
as a part of cementitious materials significantly reduces 
the hydration temperature in the early ages. Also, the 
relatively late reaction of these materials contributes to 
obtaining almost rewarding mechanical properties for 
the control samples. It was found that these substances’ 
activation can be done to ensure their full activity in the 
reaction.

The most commonly used recycled materials are 
cementitious materials with pozzolanic action, such as 
cement kiln dust and blast furnace slag powders. Other 
materials, such as granite, marble, and limestone dust, 
are also used as fillers. These recycled materials can help 
reduce the amount of cement used and improve strength, 
durability, and workability. They are also more sustain-
able and cost-effective, making them an ideal choice 
for use in the manufacture of concrete (Arel & Shaikh, 
2019 Feb 1; Tugrul, 2019; Vollpracht et  al., 2016). On 
the other hand, several studies (Gudainiyan & Kishore, 
2023) showed that properly processed agricultural waste 
materials make them suitable to replace cement in con-
crete production due to their pozzolanic properties. It 
can be noted that only some research studies the effect of 
wastewater as mixing water along with waste powders as 
a partial replacement of cement in concrete manufactur-
ing. Therefore, this study aims to fill this research gap and 
investigate the effect of this combination on fresh and 
hard concrete properties.

2  Research Significance
In an industrial city such as the 10th of Ramadan, Egypt, 
several factories produce tons of alkaline water a year 
while others produce massive amounts of stone waste 
powder such as marble and granite. Investigating the 
individual and combined effect of the recycled NaOH 
solutions with variant concentrations and pH values, 
SWDs, and SCMs wastes in the concrete work under 
the normal cast and curing conditions would contribute 
to alleviating the burden on the surrounding environ-
ment and reducing the economic cost of the construction 
process as well. Therefore, this study used three indus-
trial waste categories to produce concrete under normal 
manufacturing (cast-curing) conditions. The first cat-
egory used alkaline wastewater (AW) from pot factories 
(recycled NaOH solutions with variant concentrations 

and pH values) as mixing water. Secondly, SCMs from 
cement and steel factories, namely cement kiln dust and 
blast furnace slag, have partially replaced cement. Finally, 
SWDs from ornamental works, including granite, mar-
ble, and limestone dust, have partially replaced cement.

3  Experimental Program
The objective of the practical program of this research 
was to examine the effect of replacing parts of cement 
with proportions of 10, 20, and 30% by weight with types 
of SCMs (CD and BFS), as well as types of SWDs (MD, 
GD, and LS dust) on the workability properties, voids 
ratio, as well as the mechanical properties of concrete 
at the age of 28 days. Most recycled cementitious mate-
rials used to replace cement in concrete production do 
not exceed 30% because these materials are not as strong 
or durable as conventional cement. They cannot replace 
more than 30% of the cement in concrete production 
without compromising the strength and durability of the 
concrete. The 0–30% range is safe to use to ensure that 
the concrete produced is still strong and durable despite 
using recycled materials (Abukersh & Fairfield, 2011; El-
Dieb et al., 2019; Jhatial et al., 2023). Samples of cement 
pastes were made using the same materials to examine 
the microstructure of the hardened pastes by taking SEM 
photos. The samples were made using ordinary drink-
ing water that follows the specifications of mixing water 
for concrete as well as alkaline water from a pots factory 
in Badr city (Fig. 1). A chemical analysis of cement and 
replacement materials, whether they were SCMs, MD, 
GD, and LS dust, was done as well as a chemical analy-
sis of the alkaline water used in the experiments. TEM 
images were taken to determine the mean size of the 
stone powder grains’ diameters. For concrete materials of 
fine aggregate or coarse aggregate, physical and mechani-
cal tests were carried out. The considered materials were 
used to make normal stress concrete mixtures to study 
the operability properties of fresh concrete and hardened 
concrete’s physical and mechanical properties. Concrete 
contained different substitution ratios of cement materi-
als, such as cement powder and iron furnace slag powder, 
as well as the same substitution ratios of marble, granite, 
and limestone powder. The results of the chemical analy-
sis of materials were used as the main inputs in the theo-
retical study using the thermodynamics model.

3.1  Materials
3.1.1  SCMs and SWDs Materials
Table  1 shows the chemical composition of cement, 
SCMs, and SWDs materials. The materials used as 
SCMs included blast furnace slag (BFS) and cement 
kiln dust (CKD), while the SWDs included granite dust 
(GD), marble dust (MD), and limestone dust (LS). The 
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CKD was brought from the Suez cement factory, and 
the BFS was brought from Elmasreen Factory for steel 
industries. The stone waste powders were brought from 
ornamental stone factories in the two industrial cities 
 (10th of Ramadan and Badr cities). Chemical analyses of 
these materials as alkaline wastewater were performed 
at the National Research Center (NRC), Cairo, Egypt. 
Fig 2 shows a sample of BFS, CKD, GD, MD, LS.

Image analysis of SWDs powder and CKD powder 
proved their fineness due to the electric saw-cutting 
process during the various shaping operations in stone 
factories. The size of most of the powder particles used 
was in the range of (7.5–112 nm) as was proven by TEM 
images (Fig. 3). As it was deduced earlier (Li et al., 2019) 
and as a result of Mohr’s number being in the range of 
3, the LS and MD powders are much softer than cement. 
On the other hand, the raw BFS powder was of higher 

Fig. 1 Pots washing machine using NaOH solution in Nouval factory, Badr city

Table 1 Chemical composition of cement, BFS, CKD, GD, MD, and LS

Oxide Cement SCMs SWDs

BFS CKD GD MD LS

SiO2 19.51 12.52 5.01 62.47 22.47 0.83

TiO2 0.39 0.36 0.12 0.63 0.25 0.02

Al2O3 3.94 7.27 2.00 10.55 5.13 0.15

Fe2O3 4.33 30.78 2.66 3.15 3.06 0.37

MnO 0.20 2.72 0.13 0.05 0.07 0.02

MgO 2.43 3.55 1.18 0.65 1.24 5.02

CaO 58.97 26.39 44.07 8.36 39.69 48.26

Na2O 0.62 0.59 1.36 4.46 1.38 0.18

K2O 0.22 0.12 3.99 3.70 1.11 0.04

P2O5 0.11 0.40 0.03 0.34 0.17 0.04

SO3 5.21 1.08 4.15 0.17 0.59 0.33

Cl 0.11 0.34 5.51 0.05 0.22 0.19

ZnO 0.03 0.58 0.01 0.03 0.01 0.02

Cr2O3 0.03 1.15 0.00 0.03 0.01 0.02

BaO 0.00 0.19 0.00 0.09 0.00 0.02

CuO 0.00 0.11 0.01 0.00 0.01 0.00

LOI 3.54 11.55 29.70 5.28 24.46 44.42

Sum 99.63 99.69 99.92 100.00 99.87 99.93



Page 5 of 24Al‑Tersawy et al. Int J Concr Struct Mater           (2023) 17:44  

roughness due to the different manipulation processes. 
Thus, the powder was prepared before use by drying it 
in the oven at a temperature of 100°c for one hour and 
then was sieved on a standard 90 µm. The passed pow-
der was used in the practical program to neutralize the 
effect of the fineness of both SCMs and SWDs powders 
on either the chemical reactions in the case of relatively 
active powders (SCMs) or the effect of fineness as a filler 
in the case of SWDs.

3.1.2  Alkaline Water
Table  2 shows the waste alkaline water (AW) chemical 
analysis. The water was brought from the Nouval fac-
tory in Badr city. The AW was collected at the end of life 
(disposal stage) from the drainage system of the machine 
shown in Fig. 1. The AW was kept at room temperature 
in a sealed container and was tested shortly after collec-
tion in the XRF labs of NRC. Fig 2 shows a sample of AW.

3.1.3  Cement and Aggregates
Ordinary Portland cement from the Suez cement com-
pany in Egypt was used. The type of cement was CEM I 
42.5 N. Tests were carried out on the cement, according 
to ESS 2421, (2005). The cement test results consider-
ing fineness, setting, soundness, and strength, were con-
ducted in the NRC materials lab and showed suitability 
for concrete works (Table  3). Aggregates were brought 
from local Egyptian sources and consisted of gravel with 
a nominal maximum size of 10  mm and medium-fine 
sand. The physical and mechanical properties were made 
according to ESS (1109), 2002. Table 4 shows the results.

3.2  Samples and Procedures
3.2.1  Concrete Samples
The experimental work aimed to design, prepare, cast, 
and test 16 mixes of concrete using tap water (Series 
1-TW) that is suitable for concrete mixing and a similar 
16 mix of concrete using alkaline water (Series 2-AW) 
with a composition as prescribed in Table 2. Each series 
consisted of a control mix and 15 concrete mixes divided 
into five cement replacement powder types: BFS, CKD, 
GD, MD, and LS. Each type included three replacement 
ratios of 10%, 20%, and 30%, as listed in Table  5. The 
water–cement ratio (w/c) was kept constant in all mixes 
and equal to 0.4. A water reducer with a percentage of 2% 
cement weight was used to get a suitable and even con-
sistency for all mixes. The resulting slump for all mixes 
was in the range (of 25–35) mm. The prescribed mixes 
were used to cast samples of cubes (10 × 10  cm) and 
cubes (15 × 15  cm) to determine absorption and com-
pressive strength. The compressive strength and absorp-
tion ratio were determined by considering the average 
of three tested cubes from each mix as the mean value 
according to ESS 1658, (2006).

3.2.2  Microstructure Samples
Small samples of cement pastes with either SCMs or 
SWDs were cast to study the microstructure using 
SEM images. A small cylindrical mold with a 2.8  cm 
inner diameter and 3  cm height was used to cast the 
paste samples (Fig. 4). The purpose of making samples 
of paste was to control well the conditions surrounding 
the chemical reactions to take accurate backscattered 
(BSE) SEM images that contain the variables needed 
to analyze and determine microstructure elements 

Fig. 2 Samples of BFS, CKD, GD, MD, LS, OPC, and AW
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Fig. 3 TEM images for SCMs and SWDs powders

Table 2 Chemical composition of alkaline water (AW)

Test Amount

Cl (ppm) 56

SO3 (ppm) 90

TDS (ppm) 3100

Organic materials (ppm) 160

CO3 (ppm) 300

HCO3 (ppm) 1365

TSS (ppm) 16

NaOH (ppm) 176

pH 9.06

Table 3 Mechanical properties of cement

Properties Measured 
values

Blaine surface area  (cm2/gm) 2800

Soundness (Le Chatelier) (mm) 1.1

Initial setting time (min) 115

Final setting time (min) 180

Compressive strength (MPa)

 7 days 23

 28 days 51
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accurately and also to find a common base for com-
parison and evaluation of the results of thermodynamic 
analysis, which adopts the same components and the 
same mixing ratios. A total of 14 samples were cast in 
two sets. The first set was made with TW, while the 
second set was made using AW, and each one included: 
Control, 10% CKD, 20% CKD, 10% BFS, 20% BFS, 10% 
LS, and 20% LS. For each sample, the image was taken 
at 3 and 28 days at two specified magnifications of 350 
and 2000 times with a total SEM image of 54.

The scanning electron microscope type was (SEM, 
Joel-JXA-840A) and digital imaging; X-ray diffractom-
eter (XRD, Philips Analytical X-ray B.V. Machine). The 
BSE images allow the prediction of pores and hydrated 
ratios using grey colors as an identification method 
which can be made using image processing software 
(2021b; Al-Tersawy et al., 2021).

3.2.3  Thermodynamics Modeling
Since even common hydrated ordinary Portland cement 
contains at least seven hydrates, thermodynamic mod-
eling of such a multicomponent-multiphase system and 
experiments in the same context allow an understand-
ing of the effect of different parameters involved, the 
reaction mechanisms, and the final outputs.

Based on the composition of the starting materials 
and hydration time, the phase assemblage can be easily 
predicted through thermodynamic calculations based 
on a valid database for any geochemical system. The 
thermodynamic calculations determine which solids 
and solutions are stable under the input conditions, and 
all chemical reactions among solids, solid solutions, 
gaseous phase, and aqueous electrolytes are considered 
(Lothenbach & Zajac, 2019).

The available thermodynamic codes depend on two 
basic approaches to solving the geochemical equilib-
rium problem:

• Solving the law of mass action (LMA) equations.
• Minimizing the Gibbs free energy of the system.

GEMS (Kulik et  al., 2013) presents the Gibbs free 
energy approach and has the advantage that no prior 
assumptions must be made. GEMS implements a ther-
modynamic approach to quantify the contents of hydra-
tion products and pH value description over a long 
period. In that phase, the composition of solid solutions, 
pH, redox potential, and the fugacity of gases is obtained 
as an output parameter.

GEMS uses thermodynamic parameters at the con-
secutive stages of cement hardening to get the Gibbs free 
energy by considering an incremental balance between 
the dissolution rate of clinker phases and the deposition 
of solid solutions of individual phases. The refined exper-
imental equations used are as follows (Lothenbach et al., 
2008):

where rh is the degree of the system closing (e.g., rh = 1 
when the system is closed); Es is the activation energy of 
dissolution; T and T0 are current and room temperature, 
respectively; S is the surface area of the phase nucleus; αt 
is the degree of hydration which can be obtained from 
the following:

where µ is the w/c, the hydration process develops when 
(Hµ-αt) < 0;  K1,  N1,  K2,  K3,  N3, and H are parameters of 
the Parrot, Killoh and Lothenbach model and given in 
Table  6. Table  7 shows Bogue’s values of the ordinary 
Portland cement used. The order of Eqs. (1–3) describes 
the incremental development of cement hydration until 
the final stable stage considering w/c, humidity, and spe-
cific surface of phase nuclei. This development is in the 
following order: Stage 1 is the nucleation and develop-
ment of phases. Stage 2 is diffusion processes, where 
phenomenological dependences of reaction rates and 
hydration parameters are obtained for each clinker phase. 
Stage 3, hydration degree (Abzaev et al., 2019). The reac-
tions of the SCMc during the input stage were restricted 
to 75% and 50% for BFS and CKD, respectively (El-Dieb 
et al., 2019; Fernández et al., 2018).
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(4)αt = αt−1 +�t.Rt−1[1+ 3.333.(Hµ− αt)]
4,

Table 4 Properties of gravel and sand

Test Gravel Sand

Specific weight 2.56 2.61

Bulk density (t/m3) 1.65 1.75

Clay and fine dust content (%) 1.6 1.5

Abrasion (Los Angeles) (%) 12.7 –

Water absorption 1.1 –

Impact value (%) 11.1 –
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Table 5 Groups, mixes, mixes quantities, and results

Mix Description Cement 
(400 kg/
m3)

Gravel 
(1225 kg/
m3)

Sand 
(612.5 kg/
m3)

TW or AW 
(160/m3)

WR (2 
L/100 kg of 
cement)

Dust 
amount 
(kg)

Slump (cm) Density (t/
m3)

% Absorption 
(28 days)

TW AW TW AW TW AW

C Control (%) 6.04 18.5 9.2 2.4 0.12 – 3.5 4.4 2.257 2.262 4.55 5.14

SCMc

 CKD 10 5.44 18.5 9.2 2.4 0.12 0.54 3.6 4.3 2.262 2.267 4.90 5.31

20 4.83 18.5 9.2 2.4 0.12 0.97 3.4 4.4 2.267 2.261 4.30 4.68

30 4.23 18.5 9.2 2.4 0.12 1.27 3.4 4.3 2.271 2.276 4.15 4.20

 BFS 10 5.50 18.5 9.2 2.4 0.12 0.54 3.3 4.0 2.259 2.255 2.60 2.84

20 5.07 18.5 9.2 2.4 0.12 0.97 3.2 3.8 2.262 2.257 4.70 4.87

30 4.77 18.5 9.2 2.4 0.12 1.27 3.1 3.6 2.264 2.270 9.80 10.62

SWDs

 GD 10 5.50 18.5 9.2 2.4 0.12 0.54 3.3 4.1 2.263 2.268 5.06 5.72

20 5.07 18.5 9.2 2.4 0.12 0.97 2.9 4.0 2.269 2.264 3.94 4.20

30 4.77 18.5 9.2 2.4 0.12 1.27 2.7 3.8 2.275 2.270 3.80 3.92

 MD 10 5.50 18.5 9.2 2.4 0.12 0.54 3.4 4.1 2.263 2.269 5.50 6.50

20 5.07 18.5 9.2 2.4 0.12 0.97 3.3 4.3 2.270 2.275 4.10 4.61

30 4.77 18.5 9.2 2.4 0.12 1.27 3.1 4.1 2.276 2.271 4.00 4.50

 LS 10 5.50 18.5 9.2 2.4 0.12 0.54 3.3 4.3 2.262 2.257 4.90 5.70

20 5.07 18.5 9.2 2.4 0.12 0.97 3.2 4.3 2.266 2.272 5.40 5.85

30 4.77 18.5 9.2 2.4 0.12 1.27 3.2 4.3 2.271 2.277 5.70 5.95

Mix Comp. strength (N/mm2) Pores %-28 days-
BSE

Hydrates  %

TW AW BSE-28 days GEMS-1000 
days

3-Days SD 28-Days SD 3-Days SD 28-Days SD TW AW TW AW TW AW

C 12.38 1.14 30.95 2.33 12.27 2.45 29.69 2.10 0.14 0.17 52.00 39.75 47.30 47.24

SCMc

 CKD 12.59 0.81 30.21 1.37 11.35 2.78 27.58 2.20 0.15 0.24 51.20 38.60 45.86 45.42

9.82 2.14 25.52 2.58 10.09 0.53 24.72 3.10 0.26 0.25 48.00 45.35 43.94 43.42

9.89 2.77 25.01 2.45 9.25 2.58 23.12 0.04 – – – – 41.69 41.28

 BFS 11.88 2.33 30.54 0.53 11.95 1.11 28.67 2.78 0.15 0.20 55.10 42.00 47.45 46.81

11.61 2.86 28.44 1.11 9.98 2.20 25.66 0.34 0.14 0.24 53.90 39.00 46.99 46.33

9.34 1.37 23.08 0.53 9.19 2.04 23.89 1.14 – – – – 45.91 45.18

SWDs

 GD 12.74 1.55 32.73 1.41 12.57 0.53 30.30 1.55 – – – – – –

12.82 0.53 33.33 0.99 12.21 3.10 29.07 1.19 – – – – – –

10.38 0.12 25.12 2.77 9.23 1.97 23.91 1.97 – – – – – –

 MD 12.81 1.41 30.87 2.54 10.66 0.34 27.72 2.14 – – – – – –

12.48 0.81 29.69 2.86 9.77 2.10 24.90 0.81 – – – – – –

9.14 0.04 23.29 1.46 10.28 1.46 25.40 2.04 – – – – – –

 LS 11.11 0.34 26.99 0.97 9.25 2.78 24.23 2.78 0.31 0.33 37.00 41.40 35.44 45.11

10.35 2.80 26.81 1.89 9.26 1.89 23.44 2.80 0.45 0.47 45.00 39.50 42.51 40.80

8.81 2.54 23.08 0.53 8.95 0.97 23.00 0.12 – – – – 30.28 36.77
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The thermodynamic database is the sole foundation 
for accurate and complete modeling. GEMS uses cem-
data (http:// www. empa. ch/ cemda ta) as the base for 
solid cementitious substances, including the solubility 
products of mono-sulfate (C–S–H) phases. During the 
last decade, the solubility products of more minerals 

were experimentally determined, turning the thermo-
dynamic database into a more concise and accurate tool 
(Lothenbach & Zajac, 2019).

4  Results and Discussion
This part presents the results of the physical and mechan-
ical tests of concrete samples for all investigated Control, 
SCMs, and SWDs mixes. Slump values, absorption ratio 
at 28 days, and compressive strength at 3 and 28 days are 
presented in Table  5. Also, the microstructure analysis 
results considering the percentage of hydrated species 
and pores percentage at ages 3 and 28 days are presented 
in the same table. The results of the thermodynamic 
model for all studied Control and SCMs mixes consider-
ing hydration products and phase composition are pre-
sented in Table 8. In each of the following sections, the 
results are analyzed and discussed extensively in light 
of the experimental results and models carried out in 
related research works.

4.1  Concrete Results
4.1.1  Workability
Table 5 and Fig. 5 show all concrete mixes’ slump values 
and trends. It can be seen that for BFS mixes, a steady 
decrease in the value of the slump as the replacement 
ratio increases were observed for both TW and AW 
mixes, and the largest value of the decrease reached was 
11%, and 18% of the value of the slump of control sam-
ple for TW and AW, respectively, at the replacement 
ratio of 30%. This may be attributed to the agglomera-
tion between particles caused by Van der Waal and elec-
trostatic interaction. The same results were obtained 
in Anurag et  al., 2021. Also, the slump values of AW-
BFS mixes increased over TW-BFS mixes by 25%, 23%, 
21%, and 15% for Control, 10%, 20%, and 30% cement 
replacements, respectively. This phenomenon was best 
explained by Zeta potential measurement. Zeta poten-
tial indicates the stability of the formed colloidal solu-
tion and the fluid adsorption capability with surfaces in 
any mix (Jiang et  al., 2019). The addition of an alkaline 
solution containing NaOH increases the pH of the mixed 
solutions. It hence yields a higher negative zeta potential 
than the control mix, causing a better particle dispersion 
and a higher fluidity. The slump results for CKD mixes 
represent a steady-state behavior reflecting the similar-
ity of chemical behavior and fineness of cement grains. 
The slump values of AW-CKD mixes increased over TW-
CKD mixes by 25%, 19%, 26%, and 26% for Control, 10%, 
20%, and 30% cement replacements, respectively.

Table  5 and Fig.  5 show GD and MD slump values. 
The values indicate that as MD or GD replacement value 
increases, the workability of concrete mixes decreases. 

Fig.4 Paste samples for microstructure examination

Table 6 Parameters of Parrot, Killoh, and Lothenbach

Parameter Alite Belite Aluminate Ferrite

K1 1.5 0.5 1 0.37

N1 0.7 1 0.85 0.7

K2 0.05 0.006 0.04 0.015

K3 1.1 0.2 1 0.4

N3 3.3 5 3.2 3.7

H 1.33 1.33 1.33 1.33

Table 7 Bogue’s values of OPC used in the research

Oxide Content (%) Phase, oxide Weight (g)

SiO2 19.51 C3S 61.48

TiO2 0.39 C2S 11.84

Al2O3 3.94 C3A 3.24

Fe2O3 4.33 C4AF 13.71

MnO 0.2 O2 0.35

CaO 58.97 MgO 2.53

MgO 2.43 K2O 0.23

SO3
− 5.21 Na2O 0.65

Cl− 0.11 SO3
− 5.42

Na2O 0.62 MnO 0.21

K2O 0.22 Cl‑ 0.11

BaO 0 P2O5 0.11

P2O5 0.11 ZnO 0.03

ZnO 0.03 Cr2O3 0.03

Cr2O3 0.03

CuO 0 Aqueous 41.6

http://www.empa.ch/cemdata
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Table 8 Results from thermodynamic analysis, GEMS

Mix Item NaOH molarity

0 0.0043 0.02 0.2 0.313

OPC Na/Si 0.06 0.07 0.12 0.65 0.94

Ca/Si 1.52 1.52 1.49 1.22 1.04

CH (mass %) 21.3 21.4 21.7 25.0 27.8

CSH (mass %) 47.3 47.2 47.0 45.0 43.4

Ettringite (mass %) 19.1 19.0 18.9 19.1 16.9

CKD‑20% Na/Si 0.09 0.10 0.15 0.71 0.96

Ca/Si 1.49 1.48 1.45 1.14 0.99

CH (mass %) 25.2 25.3 25.6 29.3 31.5

CSH (mass %) 43.5 43.4 43.2 41.0 39.5

Ettringite (mass %) 19.7 19.7 19.6 18.4 13.9

CKD‑30% Na/Si 0.11 0.12 0.17 0.77 0.96

Ca/Si 1.47 1.46 1.43 1.08 0.96

CH (mass %) 27.3 27.4 27.8 31.6 33.5

CSH (mass %) 41.3 41.3 41.1 38.8 37.4

Ettringite (mass %) 20.1 20.1 20.0 18.9 12.2

BFS‑10% Na/Si 0.06 0.08 0.08 0.65 0.94

Ca/Si 1.55 1.54 1.54 1.21 1.04

CH (mass %) 18.7 18.8 18.8 23.4 25.8

CSH (mass %) 46.9 46.8 46.8 44.0 42.4

Ettringite (mass %) 18.3 18.3 18.3 17.3 15.0

BFS‑20% Na/Si 0.07 0.08 0.13 0.68 0.94

Ca/Si 1.58 1.57 1.54 1.20 1.04

CH (mass %) 16.1 16.2 16.6 21.3 23.8

CSH (mass %) 46.4 46.3 46.1 43.2 41.4

Ettringite (mass %) 17.6 17.6 17.5 16.6 13.1

BFS‑30% Na/Si 0.07 0.08 0.13 0.69 0.94

Ca/Si 1.58 1.57 1.55 1.20 1.04

CH (mass %) 14.0 14.1 14.5 19.2 21.8

CSH (mass %) 45.2 45.2 45.0 42.0 40.3

Ettringite (mass %) 2.3 2.2 16.1 15.2 11.1

LS‑10% Na/Si 0.06 0.08 0.13 0.65 0.94

Ca/Si 1.55 1.54 1.51 1.22 1.04

CH (mass %) 24.5 24.6 25.0 28.8 31.2

CSH (mass %) 45.2 45.1 44.9 42.7 40.9

Ettringite (mass %) 18.7 18.7 18.6 16.6 14.1

LS‑20% Na/Si 0.07 0.08 0.14 0.60 0.94

Ca/Si 1.57 1.56 1.53 1.26 1.04

CH (mass %) 28.5 28.6 28.9 32.4 34.7

CSH (mass %) 40.8 40.8 40.6 39.8 38.0

Ettringite (mass %) 14.7 14.7 14.6 12.2 11.5

LS‑30% Na/Si 0.07 0.09 0.15 0.54 0.91

Ca/Si 1.56 1.55 1.52 1.29 1.05

CH (mass %) 33.0 33.1 33.4 36.6 38.7

CSH (mass %) 36.8 36.8 36.6 36.8 35.2

Ettringite (mass %) 11.7 11.7 11.7 7.5 7.3



Page 11 of 24Al‑Tersawy et al. Int J Concr Struct Mater           (2023) 17:44  

Considering TW, the largest value of the decrease 
reached was 23% and 12% of the value of the slump of 
the control sample for GD and MD, respectively, at the 
replacement ratio of 30%. As GD or MD acts like a filler 
with a relatively higher specific surface than ordinary 
Portland cement, the spaces are filled with GD or MD, 
leading to more internal friction. In the same context 
and as was concluded in Ashish (2019), because of the 
increased fineness of GD and MD, the SWDs powder 
demands more water content leading to less workable 
mixes. Considering AW, the largest value of the decrease 
reached was 14% and 6% of the value of the slump of 
the control sample for GD and MD, respectively, at the 
replacement ratio of 30%. As shown in Table 5 and Fig. 5, 
the slump values of LS mixes decrease incrementally with 
the increased percentage replacement of cement. The 
decrease in workability is attributed to the morphologi-
cal and surface texture effect of LS powder grains since 
it is of a raw form from the manufacturing process with-
out any further grinding. Morphology and SEM stud-
ies (Wang et  al., 2018) showed LS powder’s rough and 
porous surface texture, leading to more friction and 
less workable mixes. The slump values of AW-LS mixes 
increased over TW-LS mixes by 25%, 30%, 33%, and 35% 
for Control, 10%, 20%, and 30% cement replacements, 
respectively.

4.1.2  Physical, Mechanical, and Predictions
4.1.2.1 Water Absorption As seen from Table  5 and 
Fig.  6a, considering the water absorption values of BFS 
samples tested at 28 days at the partial replacement of 10%, 
the water absorption decreased noticeably compared to 
the control specimens because of the fineness of BFS pow-
der and its pore-filling effect. With the increased amounts 
of BFS in concrete mixes, the bulk density decreases, 
and the total porosity increases due to the lower density 
of BFS. Nevertheless, the low rate of BFS hydration does 
not provide the hydration products with higher densities 
(C–S–H) at 28 days but later (El-Didamony et al., 2016). 
The reduction in the absorption percentage for TW sam-
ples was 42.9% for partial replacement of 10%, while, at 
20% and 30% BFS replacement, the absorption percent-
ages reached + 3.3% and + 115.4%.

An increase in water absorption refers to increased 
porosity due to using CKD. Table  5 and Fig.  6b show 
the absorption percentages values for the CKD concrete 
samples tested after 28  days. For TW-CKD samples, it 
can be seen that the absorption percentage increases to 
7.7% at a replacement ratio of 10%, then decreases to 
5.5% and 8.8% for replacement ratios of 20% and 30%, 
respectively. This trend was confirmed in Sadek et  al. 
(2017) as a reflection of the considerable amount of free 
lime, chlorides, and sulfate that exists in the CKD powder 
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leading to the formation of more Ca(OH)2 and the crys-
tallization of hydration products which is followed by the 
formation of more pores. Considering this explanation, 
the water absorption was expected to increase further 
as partial replacement increased, but opposite results 
were recorded. The activity of CKD is much lesser than 
the activity of ordinary Portland cement (Mackie et  al., 
2010), and this leaves more water available for ordinary 
Portland cement to produce more hydration products 
(C–S–H) actively and allow for the filling of more pores 

or at least cutting the continuity of the pores network as 
observed in Bacarji et al. (2013).

The same trend of CKD samples was observed in GD 
and MD samples. From Table 5 and Fig. 6c considering 
TW-GD samples, the absorption percentage increases 
to 11.2% at a replacement ratio of 10%, then decreases to 
13.5% and 16.5% for replacement ratios of 20% and 30%, 
respectively. Also, from Table  5 and Fig.  6d considering 
TW-MD samples, the absorption percentage increases 
to 20.9% at a replacement ratio of 10%, then decreases to 
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9.9% and 12.1% for replacement ratios of 20% and 30%, 
respectively. The decrease in water absorption at higher 
replacement ratios is attributed to the pore-filling result-
ing from the increased ifneness of GD or MD, providing 
more nuclei for hydration among aggregate particles and 
improving fine-particle packing (Galetakis & Soultana, 
2016).

As seen from Table 5 and Fig. 6e, with the increase in 
LS partial replacement, the water absorption of concrete 
increases as a result of the high specific surface area of 
the very fine LS powder, which in return demands more 
water from the mix and hence influences the hydration 
product and the lubrication around aggregate particles 
and therefore increase pores (Ergün, 2011). In the same 
context, a microstructural analysis in Souza et al. (2020) 
showed that increasing the content of LS is responsible 
for generating a larger amount of pores with a smaller 
diameter allowing interconnection between the pores 
and hence increasing the water absorption. Consider-
ing TW samples, the absorption percentage increases 

to 7.7%, 18.9%, and 25.3% at a replacement ratio of 10%, 
20%, and 30%, respectively.

On the other hand, when comparing the AW results to 
the TW results, it can be seen that an overall increase in 
the absorption percentages values was achieved follow-
ing the same systematic behavior considering all mate-
rials. The percentage increase in absorption percentages 
of AW-control samples compared to TW-controls was 
13%. In the same context, it was found in Berodier, 2015 
that at 7 and 28 days, the porosity in samples made with 
AW containing NaOH was 10% higher than control sam-
ples made with TW and that the capillary porosity had 
increased with a slightly fewer radius more than the ones 
of control samples. It is worth mentioning that the addi-
tion of NaOH increases the pH of the pore solution in 
samples, which increases the solubility of ettringite.

In Chamrova (2010), it was proven that Young’s modu-
lus of CSH is 22.6 GPa, while it is 22.4 GPa for ettringite, 
which means they both influence the mechanical prop-
erties. With lower amounts of ettringite, higher capillary 
pores are created.
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Fig. 7 Compressive strength results for TW and AW mixes at 3 and 28 days
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4.1.2.2 Compressive Strength Table  5 and Fig.  7 show 
the compressive strength results of different concrete 
mixes at 3 and 28 days, respectively, considering mixes of 
TW and AW. As seen in Table 5 and Fig. 7, considering 
the mixes with tap water (TW), at the age of 28 days, the 
control mix gave a compressive strength of 31 N/mm2. 
The values closest to the control result were those mate-
rials mixed with 10% cement replacements by weight, 
where the compressive strength result of all materials 
approached the control result except for limestone, which 
had the lowest percentage decrease by 13%. The compres-
sive strength of the samples was reduced by 2%, 1%, 4%, 
and 4% for CD, BFS, MD, and GD, respectively. The BFS 
samples showed superiority over the rest of the SCMs or 
SWDs samples, which is attributed to the relatively active 
chemical components in BFS, especially  SiO2, and CaO, 
which are responsible for activating pozzolanic activity 
(Roslan et al., 2016). Also, it is expected at later ages, after 
28 days, that the BSF reacts with CH to perform a poz-
zolanic effect and further improve the strength (Wu et al., 
2021). Considering the mixes made with 20% SCMs or 
SWDs cement partial replacements, it can be seen that all 
materials had a lower compressive strength value than the 
Control and those samples of 10% partial replacements. 
The compressive strengths of the 20% samples were 
reduced by 10%, 8%, 10%, 10%, and 13% for CD, BFS, MD, 
GD, and LS, respectively. The water demand of LS affected 
both workability and compressive strength by decreasing 
hydration products. The increased water demand of LS 
contributed to creating an increased porosity and hence 
affecting the compressive strength, Fig. 6e, (Souza et al., 
2020).

Considering the mixes made with 30% SCMs or SWDs 
cement partial replacements, it can be seen that all mate-
rials had the lowest compressive strength values among 
all replacement ratios. The compressive strength of the 
samples was reduced by 19%, 25%, 25%, 26%, and 25% 
for CD, BFS, MD, GD, and LS, respectively. The relative 
superiority of CD strength values in the 30% replace-
ment samples is due to its enhanced hydration products 
due to the relatively active silica and calcium oxide and 
the improvement in the concrete microstructure (Alnah-
hal et  al., 2018). As seen from the results for all partial 
replacement ratios, the decrease in compressive strengths 
of GD and MD samples is attributed to the crystal-
line structure of both GD and MD powders. The partial 
replacement is considered as replacing reactive cementi-
tious material (OPC) with a non-reactive material (GD 
and MD), and the effect of those replacement powders 
was limited to the filler effect, which is dominated by the 
particle packing with a negligible contribution to CSH 

and hence to strength (Bacarji et  al., 2013). As seen in 
Table  5 and Fig.  7, considering the mixes with alkaline 
water (AW), at 28 days, the control mix gave a compres-
sive strength of 29.7 MPa. The values closest to the con-
trol result were those materials mixed with 10% cement 
replacements by weight, and the same trend as those of 
TW-10% was observed in AW-10% samples. The com-
pressive strength of the samples at 10% replacement 
was −  7%, −  3%, −  7%, −  8%, and −  18% for CD, BFS, 
MD, GD, and LS, respectively. Considering the mixes 
made with 20% AW-SCMs or AW-SWDs cement partial 
replacements, it can be seen that all materials had a lower 
compressive strength value than the Control and those 
of 10%. The compressive strength of the samples at 20% 
replacement was − 17%, − 14%, − 16%, − 16%, and − 21% 
for CD, BFS, MD, GD, and LS, respectively. Consider-
ing the mixes made with 30% AW-SCMs or AW-SWDs 
cement partial replacements, it can be seen that all mate-
rials had the lowest compressive strength values among 
all replacement ratios. The compressive strength values 
of the samples were reduced by 22%, 20%, 21%, 21%, and 
23% for CD, BFS, MD, GD, and LS, respectively.

Compared to the samples of TW, the compressive 
strength results of TW samples were generally lesser, 
and the AW-control was −  4% compared to TW. Con-
sidering 10% replacement, the results of AW samples 
were − 9%, − 6%, − 7%, − 8%, and − 10% compared to 
TW samples for CD, BFS, MD, GD, and LS, respectively. 
For 20% replacement, the results of AW samples were 
−  11%, −  10%, −  11%, −  11%, and −  13% compared to 
TW samples for CD, BFS, MD, GD, and LS, respectively. 
Finally, for 30% replacement, the results of AW samples 
were −  8%, −  5%, −  6%, −  5%, and −  7% compared to 
TW samples for CD, BFS, MD, GD, and LS, respectively. 
Among AW samples, it can be seen that the only samples 
that survived the negative impact of AW on compressive 
strength were AW-BFS-30% and AW-MD-30%. The early 
compressive strength results (3  days) considering TW 
or AW for all SCMs or SWDs samples were close to the 
overall trend.

Tests done at 28 days provide a good indication of the 
strength of the concrete. In some cases, after the mix-
tures, there is expected to be a noticeable improvement 
in the mechanical properties (compressive strength) 
for the older ages (90  days) due to the delayed reaction 
of materials such as BFS. In future work, it will be con-
ducted to explore this phenomenon further.

As can be seen from the individual results of AW sam-
ples and their comparative ratios with similar compo-
sitions in TW mixes, an overall similarity in the trends 
considering 10%, 20%, and 30% partial replacements 
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samples but with an overall decrease in the compressive 
strength values as a direct impact of AW was recorded. 
It was found in Berodier, 2015 that the degree of reaction 
in tri calcium silicate  (C3S) for samples made with TW 
is increasing continuously until it is almost consumed at 
the age of 28 days. The same case was observed for the 
degree of hydration of tri calcium aluminate  (C3A). But 
on the other hand, the samples made with NaOH as an 
alkaline solution (AW) showed 10% less hydration con-
sidering  C3S and 20% less hydration of  C3A. This phe-
nomenon was further investigated from two perspectives. 
The first one relates to relative humidity (RH), where the 
measurements showed a constant complete (100%) RH 
for up to 28 days for samples made with TW. Considering 
the samples with AW, the measurements showed a con-
tinuous decrease in RH for up to 7 days until it reaches 
about 90% and then stabilizes after that, which refers to 
lower water activity due to the higher concentrations of 
ions in the pore solution considering the AW samples. 
The second perspective for the decrease in the degree of 
hydration in the AW samples is based on the change in 
the aluminate ions concentration (which increases dra-
matically) as a direct result of the increased solubility of 
aluminate from cement, which inhibits the silica dissolu-
tion (Quennoz & Scrivener, 2013). Another comprehen-
sive explanation for this effect of AW on the mechanical 
properties of concrete with different replacement ratios 
of SCMs and SWDs materials under normal mixing and 
curing conditions needs further microstructure analysis 
and thermodynamics modeling through the following 
sections. Despite a relatively minor decline in the com-
pressive strength of concrete samples for certain replace-
ment materials and ratios, this decrease remains within 
the safe and acceptable parameters dictated by design 
and code requirements for reinforced concrete and plain 
concrete components. This is consistent with what was 
recently found in a review article (Gudainiyan & Kishore, 
2023).

4.2  Microstructure Results
The image analysis of the backscattered electron SEM 
images (BSE) of the different SCMs and SWDs samples 
made during the experimental work at 3 and 28  days, 
respectively, can quantify many aspects of microstruc-
tural development and microstructure components (Bai-
ley & Chescoe, 1979). Examples of the extracts of the BSE 
images are the remaining anhydrous materials that can be 
identified, the quantities and distribution of CH, and the 
amount and size distribution of porosity in the cement 
pastes. The analysis of BSE images taken at later ages, 
considering the number of pores and their distribution, 
the amounts of hydrates, and the amount of CH, may 
indicate the expected mechanical performance for con-
crete made of these pastes. Fig 8 shows the backscattered 
electron images of Control-TW-3  days specimens. At 
350× magnification, the BSE image shows cement grains 
with calcium silicate hydrate (CSH) shells. This can be 
observed more clearly at a 2000× magnification, where 
the image also reveals needle-like shapes (representing 
ettringite), pores, and widespread CSH clouds. These fea-
tures indicate that the specimen has undergone a hydra-
tion reaction, which is expected to occur when cement is 
mixed with water. The presence of ettringite and the CSH 
clouds indicate that the hydration reaction has proceeded 
to a more advanced state, with the cement grains becom-
ing enveloped in calcium silicate hydrate. The pores 
observed in the image are likely caused by the expansion 
of the cement grains due to the hydration reaction.

Fig.  9 shows the backscattered electron images of the 
Control-AW-3  days sample at 350× and 2000× magnifi-
cations. At 350× magnification, the pores are relatively 
wide and randomly distributed. At 2000× magnification, 
a larger area of pores, CH plate formations, CSH clouds, 
and Ettringite needles can be seen. The inverted copy of 
the 2000 × magnification image further reveals the fine 
details of these features. This indicates that the sam-
ple has a high porosity and a wide variety of crystalline 

Fig. 8 BSE images of Control‑TW‑3 days specimens
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structures. Fig. 10 shows Control-TW-28 days BSE pho-
tos. It can be seen from the 350× Magn. photo a homo-
geneous microstructure with almost negligible pores 
referring to almost complete hydration, and this solid and 
flawless structure is realized from its 2000× Magn. part 
photo.

Fig. 11 shows Control-AW-28 days BSE photos. It can 
be seen from the 350× Magn. photo, a homogeneous 
microstructure with almost negligible pores referring 
to almost complete hydration but with less CSH, while 
large amounts of Ettringite needles are noticed in the 
2000× Magn. photo.

Fig. 9 BSE images of Control‑AW‑3 days specimens

Fig. 10 BSE images of Control‑TW‑28 days specimens

Fig. 11 BSE images of Control‑AW‑28 days specimens
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When comparing BSE photos from 3 and 28 days, it can 
be seen that the hydration process has caused the devel-
opment of hydration products, such as calcium silicate 
hydrate (C–S–H) and calcium hydroxide (CH). These 
hydration products help to fill in the pores in the micro-
structure of the samples, thus decreasing the porosity 
and densifying the material. This process of densifica-
tion is an important part of the hydration process and the 

resulting microstructure of the sample. Fig 12 shows BFS-
20%-TW-3  days BSE photos. The BSE-Magn.350× for 
samples at the age of 3 days shows ordinary Portland 
cement-hydration products, while a Magn.2000× photo 
and its inverted copy for a part of the photo show BFS 
grains that actively worked as a nucleation site for hydra-
tion and the BFS itself are expected to actively perform a 
complete hydration product at ages beyond 28 days; also 

Fig. 12 BSE images of BFS‑TW‑3 days

Fig. 13 BSE images of BFS‑AW‑3 days

Fig. 14 BSE images of BFS‑TW‑28 days
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clouds of CSH, AFT rods, and needle-like ettringite are 
shown.

Fig.  13 shows BFS-20%-AW-3  days BSE photos. The 
BSE-Magn.350× for samples at the age of 3 days shows an 
increased pore formation, CSH around BFS grains, plate-
like CH, and needles-like ettringite. A 2000× Magn. part 
and its inverted copy photos show the increased amounts 
of ettringite, CSH, CH, and the continuous pores closely. 
In general, CH plates are considered a weak structure 
inside cement paste. Thus, the existence of SCMs favors 
the consumption of more CH into CSH.

Fig. 14 shows the BSE photos of BFS-20%-TW-28 days, 
which is a type of blended cement with 20% Blast Furnace 
Slag (BFS) content and 28 days of curing time. The BSE-
Magn. 350 × and Magn. 2000× photos at 28 days show a 
significant increase in hydration products compared to 
the 3-day samples, which have minimal pores and a solid 
microstructure. Fig.  15 shows the BSE photos of BFS-
20%-AW-28  days, which also has 20% BFS content but 
with 28 days of curing time in an air-cured environment. 
The BSE-Magn. 350× photo at 28 days shows an increase 
in pores compared to the TW samples, while the Magn. 
2000× photo shows an increase in needles-like Ettringite, 

which indicates a more advanced hydration process. The 
increased amount of Ettringite suggests a higher rate of 
hydration and improved cementitious properties.

Table  5 and Fig.  16 show the pores percentage at 
28  days taken from the histogram at a certain thresh-
old that describes the pores for each BSE image. It 
can be seen that the control mix gave the least pores 
while LS samples had the highest pores values. For 

Fig. 15 BSE images of BFS‑TW‑28
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TW results, the percentage increases in pores com-
pared to the control mix were 121%, 221%, 7%, 86%, 
7%, and 0% for mixes 10%LS, 20%LS, 10%CD, 20%CD, 
10%BFS, and 20%BFS, respectively. For AW results, the 
percentage increases in pores compared to the control 
mix were 94%, 176%, 41%, 47%, 18%, and 41% for mixes 
10%LS, 20%LS, 10%CD, 20%CD, 10%BFS, and 20%BFS, 
respectively. For accuracy and a good representation of 
the sample’s size (Scrivener, 2004), all the values were 
taken from the 350 magnification BSE. As explained in 
sec. 4.1.2.1 and sec. 4.1.2.2., these results are in good 
agreement with water absorption results, where NaOH 
solution had proved a negative effect on the porosity of 
cement pastes and an inverse relation between porosity 
and mechanical strength are greatly expected.

It can be seen that the alkaline solution harmed the 
CSH and other hydration products as a direct result of 
the increase in ion concentration and the decrease in the 
relative humidity during the hydration process. From 
Fig.  17, considering the results from thermodynamic 
modeling and for the hydrates of TW samples from BSE 
image processing and compared to the control mix, the 
ratios were 0.75, 0.90, 0.97, 0.93, 1.00, and 0.99 for mixes 
10%LS, 20%LS, 10%CD, 20%CD, 10%BFS, and 20%BFS, 
respectively. For the hydrates of AW samples from BSE 
image processing and compared to the control mix, the 
ratios were 0.95, 0.86, 0.96, 0.92, 0.99, and 0.98 for mixes 
10%LS, 20%LS, 10%CD, 20%CD, 10%BFS, and 20%BFS, 
respectively. The ratios of TW hydrates to AW hydrates 
were 0.999, 1.273, 0.960, 0.990, 0.988, 0.987, and 0.986 for 
Control, 10%LS, 20%LS, 10%CD, 20%CD, 10%BFS, and 
20%BFS, respectively. The results of the GEMS show that 
the effect of the alkaline solution on the hydration prod-
ucts is much less than in the case of hydrates from BSE 
image analysis. To the authors’ knowledge, there is no 
clear explanation for these minor differences. However, 
more advanced techniques in the chemical analysis of the 
samples can be used to make more accurate inputs to the 
thermodynamic modeling software.

4.3  Thermodynamic Results
The principles of thermodynamics are based on the prin-
ciples of mass equilibrium, where the compositions of 
the starting materials are used to derive the stable phase 
assemblage. In this research work, the starting materials 
in the thermodynamic model (GEMS) have been used 
differently in its activity and reaction rate. Whether the 
almost fully activated material (cement) or the supple-
mentary cementitious materials, whose activity has been 
limited to no more than approximately 50%, are defined 
in the input stage. The solubility products for cement 
minerals, including CSH, ettringite, hydrogarnet, and 
hydrotalcite, were taken from the Cemdata14. Upon 

decalcification, CSH shows incongruent solubility behav-
ior where dissolved Ca and Si concentrations vary with 
Ca/Si ratio and pH degree (Lothenbach et al., 2011). Ca/
Si ratio controls the end members of the CSH system, 
whether jennite (CaO)1.67(SiO2)1·(H2O)2.1 or tobermorite 
(CaO)0.83  (SiO2)1·(H2O)1.3. Table  8 and Fig.  18 show the 
Ca/Si and Na/Si ratios versus NaOH molarity. The Ca, 
Na, and Si values are computed from CSH components 
resulting from GEMS output analysis. It is shown that as 
Na concentration increases, the Ca/Si ratio decreases. 
The increase in Na/Si is steep, and accordingly, the Ca/S 
decreases steeply after a molarity of 0.02 (800 ppm). The 
analysis of CD-10% mixes has been stopped due to con-
vergence problems. When comparing the Ca/Si ratios 
of all mixes with the ordinary Portland cement mix, 
the relative ratios are 0.98, 0.97, 1.02, 1.04, 1.04, 1.02, 
1.03, and 1.03 for CD20%, CD30%, BFS10%, BFS20%, 
BFS30%, LS10%, LS20%, and LS30%, respectively. For 
ordinary Portland cement, the relative ratios between 
Ca/Si ratio for NaOH different molarities and the TW 
mix are 1.00, 0.98, 0.80, and 0.68 for NaOH molarity of 
0, 0.0043(173  ppm), 0.02(800  ppm), 0.2(8000  ppm), and 
0.313(12,500  ppm). For ordinary Portland cement, the 
relative ratios between Ca/Si ratio for NaOH different 
molarities and the TW mix are 1.00, 0.98, 0.80, and 0.68 
for NaOH molarity of 0, 0.0043(173 ppm), 0.02(800 ppm), 
0.2(8000  ppm), and 0.313(12,500  ppm). The rest of the 
mixes have almost the same figures, and as mentioned 
earlier, a stable Ca/Si value is noticed for 0.0043 and 
0.02  mol, then a sudden decrease is noticed at 0.2 and 
0.313  mol. The pH of the pore solution is increased by 
alkali salts lowering the calcium and increasing the con-
centration of the dissolved silicon leading to an over-
all decrease in the Ca/Si ratio (Lothenbach & Nonat, 
2015). This leads to a change in the structure of the gel, 
and hence at later ages, this will affect the mechanical 
properties.

Table 8 and Fig. 19 show the CSH values as mass % from 
GEMS. When comparing CSH values of all mixes with 
the ordinary Portland cement mix, the relative ratios are 
0.92, 0.87, 0.99, 0.98, 0.96, 0.96, 0.86, and 0.78 for CD20%, 
CD30%, BFS10%, BFS20%, BFS30%, LS10%, LS20%, and 
LS30%, respectively. These values show that BFS10% and 
BFS20% were the optimum mixes considering the CSH 
percentages, while CD30%, LS20%, and LS30% had the 
lowest CSH values among all mixes. Also, the values of 
CSH decreased with the increase in molarity, and while 
the CSH values for all mixes were stable until 0.02 mol, 
they began to decrease sharply. For ordinary Portland 
cement, the relative ratios between CSH for NaOH dif-
ferent molarities and the TW mix are 1.00, 0.99, 0.95, 
and 0.92 for NaOH molarity of 0, 0.0043(173  ppm), 
0.02(800  ppm), 0.2(8000  ppm), and 0.313(12,500  ppm). 
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CSH represents the main hydrated components respon-
sible for mechanical performance and ettringite, which 
has a similar modulus of elasticity. The effect of alkalis 
on the mechanical strength, among other characteristics 
of cement mortars, was studied in Shayan and Ivanusec 
(1989). It was found that an increasing addition of NaOH 
from 0.5  mol to 4.5  mol gradually lowered the strength 
of cement mortars at early and later ages as well. Table 8 
and Fig.  18 show an inverse relation between CSH and 
CH for each mix. An increase follows the decrease in 
CSH in CH for any mix. When comparing CH values of 
all mixes with ordinary Portland cement mix, the rela-
tive ratios are 1.18, 1.28, 0.88, 0.76, 0.66, 1.15, 1.34, and 
1.55 for CD20%, CD30%, BFS10%, BFS20%, BFS30%, 
LS10%, LS20%, and LS30%, respectively. For all mixes, 
the CH increases with the increase in NaOH molarity, 
and the highest increases were noticed at mixes BFS30%, 
BFS20%, and BFS10%, respectively, at a NaOH molarity 

of 0.313. The lowest increases in CH were noticed in 
LS30%, LS20%, and CD30% mixes, respectively.

In Way and Shayan, (1989), an increase in the rate of 
formation of CH in ordinary Portland cement with the 
increasing concentration of NaOH in the mixing water 
was noted. Also, alkalis in cement paste promote CH 
nucleation with a hexagonal platelet morphology (Gal-
lucci & Scrivener, 2007).

Table 8 and Fig. 20 show the ettringite values as mass 
% from GEMS for all mixes. When comparing ettringite 
values of all mixes with ordinary Portland cement mix, 
the relative ratios are 1.03, 1.06, 0.96, 0.92, 0.12, 0.98, 
0.77, and 0.62 for CD20%, CD30%, BFS10%, BFS20%, 
BFS30%, LS10%, LS20%, and LS30%, respectively. For all 
mixes, the ettringite values decrease with the increase in 
NaOH molarity, and the highest increases were noticed 
at mixes BFS30%, BFS20%, and BFS10%, respectively, at 
NaOH molarity of 0.313. The lowest increases in CH were 
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noticed in LS30%, LS20%, and CD30% mixes, respec-
tively. These results match the observations of Bizzozero 
et al. (2014), where the addition of NaOH increased the 
pH of the pore solution leading to an increase in the solu-
bility of ettringite.

5  Conclusion
Recycling cementitious materials, stone dust, and alka-
line water in concrete manufacturing has a significant 
potential to reduce the environmental impact of the 
industry and make concrete production more sustain-
able. Recycling these materials can reduce the number of 
natural resources needed and the amount of waste gen-
erated and reduce energy consumption and carbon diox-
ide emissions. However, several barriers to implementing 
waste recycling in concrete production exist, such as 

technological limitations, difficulties in changing existing 
production processes, and the lack of financial incentives. 
More research is needed to understand the benefits, 
potential costs and risks, and technical and economic 
implications of increasing the adoption of recycling in 
concrete production. In this study, the utilization of 
alkaline solution containing NaOH from a pots factory, 
SCMs, and SWDs from cement, steel, and ornamental 
factories in an industrial city in Egypt has been exten-
sively studied in the manufacturing of normal concrete 
under normal casting and curing conditions. To study the 
effects of these materials on concrete, physical, mechani-
cal, microstructure, and thermodynamic modeling were 
used to assess the suitable partial replacement ratios of 
powders and the effect of the alkaline solutions. The fol-
lowing was concluded:
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– The use of alkaline water (AW) led to a percentage 
increase in a slump of 26% compared to mixing with 
tap water (TW) as a reflection of the zeta potential 
effect.

– The measured water absorption percentages for 
samples made of AW were higher than those of TW 
as NaOH increases the pH of the pore solution in 
samples, increasing the solubility of ettringite and 
increasing pore percentages.

– Most of the TW and AW samples with SCMs or 
SWDs powders had a compressive strength close to 
the corresponding control mix at a cement replace-
ment ratio of 10% with an advantage of the SCMs 
due to their pozzolanic effect. Meanwhile, NaOH in 

the AW affected the hydration of C3S and C3A, lead-
ing to a decrease in the compressive strength of AW 
samples compared to TW samples.

– The presence of SCMs powders at the replacements 
percentages of 10 and 20% gave the most similar 
microstructure to control mixes considering pores 
and percentages of hydrates species.

– As observed from the microstructure analysis, AW 
slightly increased the pores and decreased the per-
centages of hydrates species.

– Thermodynamic analysis showed a steep decrease 
in Ca/Si ratios and a steep increase in Na/Si ratios 
for samples made with the pots’ factory-flushed 
NaOH solution after a molarity of 0.02.
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Fig. 20 Ettringite mass percentages versus NaOH molarity for all mixes from GEMS analysis
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– Thermodynamic analysis showed a steep decrease 
in CSH mass percentage and a steep increase in CH 
mass percentage for samples made with the pots’ 
factory-flushed NaOH solution after molarity of 
0.02.

– Thermodynamic analysis showed a decreased ettrin-
gite mass percentage with increased NaOH molarity.
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