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Abstract: Partially substituting Portland cement (PC) with waste brick powder (WBP) is an ef-
fective method to reduce environmental pollution. In this paper, the effects of a WBP with low
pozzolanic activity on the fresh and hardened properties of blended cement with 0–40% WBP or 50%
of WBP+GGBFS (by mass) were studied. Sodium sulphate (SS) (1.5 and 2.5%, related to powder mass)
was used to activate the blended cement with 40% WBP or 50% WBP+GGBFS at 20 ◦C. Results show
that the performance of blended cement is decreased with the increase in WBP content since the WBP
with low pozzolanic activity mainly contributes to the dilution effect. Binary cement with 10% WBP
shows a similar carbonation depth and chloride migration coefficient to PC. Ternary cement with 10%
WBP and 40% GGBFS exhibits a slightly lower strength at 90 days and a lower chloride migration
coefficient than PC. The SS solution increases the compressive strength at 2 days and decreases the
compressive strength at 28 and 90 days. Moreover, the SS solution results in a lower carbonation
depth and chloride migration coefficient, except for ternary cement with 10% WBP and 40% GGBFS,
which shows a higher carbonation depth at 42 and 68 days. This paper provides a reference for the
application of WBP to produce green mortars.

Keywords: waste brick powder; ground granulated blast-furnace slag; sodium sulphate; blended cement

1. Introduction

Since Portland cement (PC) production accounts for a large share of anthropogenic
CO2 emissions, using supplementary cementitious materials (SCMs), such as ground
granulated blast-furnace slag (GGBFS), fly ash and limestone, to partially replace Portland
clinker is a common way to reduce the environmental impact. The European Standards
EN 197-1 [1] and EN 197-5 [2] list 32 common cements with main components other than
Portland clinker in contents varying between 11% and 95%. However, the availability
of these SCMs is facing challenges. The supply of fly ash has been reduced with the
closure of coal-fired power plants, and GGBFS production is dependent on local pig iron
production [3]. Hence, it is necessary to extend the variety of SCMs.

In Europe, 200 million tonnes of construction and demolition waste are generated
every year, of which ceramics and bricks account for approximately 30–40% [4,5]. During
burning in brick production, the crystalline structure of the raw materials, clay minerals, is
dehydroxylated to form a reactive amorphous structure, leading to pozzolanic activity [6].
From [7], the optimal kaolin burning temperature is around 700 ◦C, as crystallization occurs
at temperatures over 900 ◦C and less amorphous products are formed at temperatures
below 700 ◦C. After grinding the waste brick into powders with a suitable particle size
distribution (PSD) with a D90 value normally lower than 150 µm (D90 corresponds to the
particle size at which the cumulative particle size distribution reaches 90%), the WBP can
be used to partially replace PC in mortars or concretes [6,8–12]. Previous studies have
suggested that mortars or concretes with PC replaced by 20–30% WBP could exhibit similar
fresh and hardened properties to reference mortars or concretes without WBP [8,10,12].
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On the one hand, WBP particles finer than PC can fill the voids between the PC particles
and increase the packing density of the mixture. On the other hand, calcium aluminate
hydrates (C-A-H) and calcium aluminium silicate hydrates (C-A-S-H) are generated from
the reaction between WBP and the PC hydration product Ca(OH)2, resulting in a dense
microstructure [10–12]. Hence, the pozzolanic activity of WBP has a significant effect on
the performance of blended cement.

To improve the pozzolanic reactivity of WBP, mechanical grinding and alkali activation
have been widely applied [13–15]. In [15], the Si-O and Al-O bond energies of the WBP are
decreased as the D50 value (D50 corresponds to the particle size at which the cumulative
particle size distribution reaches 50%) decreases from 27.1 µm to 3.4 µm, indicating an
improvement in the pozzolanic activity. Moreover, the compressive strength of blended
cement containing 30% WBP with a D50 of 3.4 µm is approximately 10% lower than that of
PC with a D50 of 13.5 µm. For the alkali-activated method, calcium silicate hydrates (C-S-H)
and C-A-S-H gels are the main products in the case of high-calcium materials, while sodium
aluminium silicate hydrate (N-A-S-H) gels are the main products in the case of low-calcium
materials when activated by an alkaline solution such as Na2SiO3 and NaOH, resulting
in good performance [16–19]. Several studies showed that the compressive strength of
blended cement with WBP activated by Na2SiO3 and NaOH solution is higher than that
without an alkaline activator [5,13,20–22]. However, the better mechanical performances
of mortars with alkali-activated WBP are usually achieved by curing them at an elevated
temperature ranging from 40 to 80 ◦C [5,13,20–22], which limits their application in the
construction sector. Moreover, the high production cost and high corrosive behaviour of
NaOH solid/solution makes its use on a large scale relatively impractical [23]. Sodium
sulphate (Na2SO4, SS), with a low alkalinity obtained from sulphate-bearing brines and
a hydrochloric acid manufacture process, has been used as an alternative activator that
allows alkaline materials to be used in the construction industry [24]. SS can react with
Ca(OH)2 from the hydration of PC to generate NaOH, which improves the alkalinity in
the pore solution [25]. From [26], it seems that blended cement with 50% fly ash (particle
size below 45 µm) activated by 5% (related to the mass of fly ash) SS solution exhibits
an ~8% lower compressive strength than the PC without SS at 7 and 28 days. In [27], the
compressive strength of mortars with 100% ultra-fine slag (D50 = 3.1 µm) activated by 4%
(Na2O equivalent of the blends) SS solution reached 36.2 MPa and 77.3 MPa at 28 and 90
days, respectively.

Previous studies suggest that the replacement of 20–30% of PC by WBP without
alkaline activators can be applied with insignificant harm to technological properties [6,15].
Hence, the purpose of this work was to assess the effects of higher replacement ratios
of PC by WBP (up to 40% by mass) on typical fresh and hardened properties of mortars.
Moreover, to replace 50% PC, combinations of WBP with a more reactive supplementary
cementitious material, here GGBFS, were made. Since the pozzolanic activity of the WBP
used in the current study was quite low, it was investigated whether 1.5 and 2.5% SS
(related to powder mass) were useful to activate blended cement with 40% WBP or 50%
of WBP+GGBFS at room temperature (20 ◦C). The fresh and hardened properties of the
mortars were studied in terms of flow table value, flexural strength, compressive strength,
carbonation and non-steady-state chloride migration.

2. Materials and Methods
2.1. Materials

Commercial PC (CEM I 42.5 N) from Heidelberg and GGBFS from ECOCEM were used
to blend the WBP to prepare mortars. The WBP came from a brickyard where high-speed
building bricks are perfectly ground to size for gluing. The PSD curves of the powders
were measured using a laser diffraction particle size analyser (Fritsch type analysette 22),
as shown in Figure 1. Table 1 shows the comparison of the particle size distribution of PC,
GGBFS and WBP based on the D10, D50 and D90 values. The PC and GGBFS show a similar
particle size distribution, while the WBP has a slightly coarser particle size distribution
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with higher D50 and D90 values. The chemical compositions of the powders measured
using X-ray fluorescence (XRF) are shown in Table 2 and the mineralogical phases of the
WBP measured using X-ray diffraction (XRD) are shown in Table 3. The PC has the highest
CaO content and lowest SiO2 content, while the WBP shows the lowest CaO content and
highest SiO2 content. Compared with PC, the GGBFS is richer in SiO2, Al2O3 and MgO. The
mineralogical phases of the WBP indicate that the amorphous content of the WBP is quite
low. The sand used in mortars was river sand with a size range of 0–4 mm. Anhydrous SS
powder was used as the alkaline activator with a density of 2.7 g/cm3 (20 ◦C).
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Figure 1. Particle size distribution of binder materials.

Table 1. The D10, D50 and D90 of the particle size distribution of PC, GGBFS and WBP.

D10 (µm) D50 (µm) D90 (µm)

PC 1.1 10.4 35.0
GGBFS 1.2 10.3 31.6
WBP 2.7 21.1 57.2

Table 2. The chemical compositions of PC, GGBFS and WBP determined via XRF analyses.

Chemical Composition (wt.%)

CaO SiO2 Al2O3 Fe2O3 K2O MgO Mn2O3 Na2O Cr2O3 TiO2 SO3 P2O5 Cl− S2−

PC 65.5 18.1 4.4 3.64 0.72 1.81 - 0.25 - 0.48 4.29 0.35 - -
GGBFS 41.1 34.3 10.2 0.6 0.47 6.8 - 0.93 - 0.7 0.1 - 0.02 0.7
WBP 9.51 71.13 10.14 3.82 2.25 1.31 0.06 0.68 0.03 1.09 - - - -

Table 3. The mineralogical phases of the WBP determined via XRD analyses.

Mineralogical Phases and Amorphous Content (wt.%)

Quartz Albite Alkali
Feldspar

Melilite
Group Clinopyroxene Hematite Amorphous

WBP 38.3 14.9 9.1 2.3 8.5 2.1 24.7

The mix proportions of the mortars are provided in Table 4. Experiments were carried
out on mortars with a water-to-binder ratio of 0.5 and a sand-to-binder ratio of 3.0. SS (1.5
and 2.5%) was used to activate binary cement with 40% WBP and ternary cements with 50%
of WBP+GGBFS. The SS solution was prepared with a mix of water and SS powder 24 h
before making mortars. The pure PC (C100) and binary cement with 50% GGBFS (C50S50)
were selected as reference mixtures. The mortars were prepared according to NBN EN
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196-1 [28]. Fresh mortar was cast into moulds (40 × 40 × 160 mm) with a plastic cover and
cured in a lab environment for 24 h. Then, the mortar samples were demoulded and cured
in a water tank at 20 ◦C until the test age.

Table 4. Mix proportion of specimens.

Series Code Na2SO4 (g)
Binder (g)

Water (g) Sand (g)
PC (g) WBP (g) GGBFS (g)

Reference C100 - 450 - - 225 1350
C50S50 - 225 - 225 225 1350

C90B10 - 405 45 - 225 1350
C75B25 - 337.5 112.5 - 225 1350
C60B40 - 270 180 - 225 1350
C50B10S40 - 225 45 180 225 1350
C50B25S25 - 225 112.5 112.5 225 1350
C50B40S10 - 225 180 45 225 1350

1.5% C60B40 6.75 270 180 - 225 1350
SS C50B10S40 6.75 225 45 180 225 1350

C50B25S25 6.75 225 112.5 112.5 225 1350
C50B40S10 6.75 225 180 45 225 1350

2.5% C60B40 11.25 270 180 - 225 1350
SS C50B10S40 11.25 225 45 180 225 1350

C50B25S25 11.25 225 112.5 112.5 225 1350
C50B40S10 11.25 225 180 45 225 1350

2.2. Test Methods

The pozzolanic activity of WBP was measured using the Frattini test according to NBN
EN 196-5 [29]. Three independent tests were conducted for each mix proportion. In the
Frattini test, 100 mL of freshly boiled water was firstly sealed into a polyethylene container
at 40 ◦C for at least 1 h to reach a uniform temperature. Then, 20 g of blended cement was
added into the container and shaken for 20 s to avoid cement lumps. The polyethylene
container was stored at 40 ◦C until the test ages (7 and 28 days). Then, samples were filtered
into a vacuum flask and 50 mL solution was pipetted into a 250 mL beaker. The hydroxyl
ion concentration, [OH]−, was determined with 0.1 mol/L HCl and five drops of methyl
orange were used as the indicator. The titration end-point corresponded to the colour
changing from yellow to orange. The [OH]− can be calculated following Equation (1):

[OH]− = 2 × V1 × f1 (1)

where V1 (mL) is the volume of 0.1 mol/L HCl solution used for the titration and f 1 is
the factor of 0.1 mol/L HCl solution, which was determined as follows: (0.200 ± 0.001) g
sodium carbonate was mixed with 75 mL water into a flask. Then, the solution was titrated
with 0.1 mol/L HCl and five drops of methyl orange were used as the indicator. The
titration end-point corresponded to the colour changing from yellow to orange.

Then, the titrated solution was adjusted to a pH of 12.5 ± 0.2 with 2.5 N NaOH
solution. After that, around 0.1 g Patton and Reeders reagent indicator was added in the
solution and 0.03 mol/L EDTA solution was used for titration until the colour changed
from purple to clear blue. The calcium oxide (CaO) concentration is calculated according to
Equation (2):

CaO = 0.6 × V2 × f2 (2)

where V2 (mL) is the volume of EDTA solution used for the titration and f 2 is the factor
of the EDTA solution, which can be determined by use of calcium carbonate. An amount
of (1.00 ± 0.01) g calcium carbonate was mixed with 100 mL water into a beaker. Approxi-
mately 10 mL of 4 mol/L HCl was added in the beaker to dissolve the calcium carbonate.
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The solution was boiled to expel the dissolved CO2 and then cooled to room temperature.
The solution was transferred into a volumetric flask and mixed with water up to 1000 mL.
Then, 50 mL solution was pipetted to adjust its pH to 12.5 ± 0.2 by 2.5 N NaOH. After
that, around 0.1 g Patton and Reeders reagent indicator was added to the solution and
0.03 mol/L EDTA solution was used for titration until the colour changed from purple to
clear blue.

The flow table test of mortars was measured according to NBN EN 1015-3 [30]. The
conical mould placed on the disc of the flow table was filled with mortar in two layers. Each
mortar layer was compressed by 10 strokes of the tamper to ensure a uniform distribution.
After the removal of the mould, mortars were spread on the disc by jolting the flow table
15 times. The flow value was the mean value of the diameters in two directions at right
angles. Three independent tests were conducted for each mix proportion.

Strength tests on mortars were executed at 2, 7, 28 and 90 days according to NBN EN 196-
1 [28]. For the flexural strength test, three specimens with dimensions of 40 × 40 × 160 mm
were broken into six pieces via three-point bending tests at a loading rate of 50 ± 10 N/s.
The compressive strength was evaluated on the six broken pieces at a loading rate of
2400 ± 200 N/s on a cross-sectional area of 40 × 40 mm.

The carbonation test was conducted based on NBN EN 13295 [31]. After demoulding,
three mortar specimens were cured in a water tank for 28 days. Subsequently, specimens
were stored in a climate chamber (T = 20 ± 2 ◦C, RH = 60 ± 10%) for another 14 days.
Before the start of the carbonation test, the initial carbonation depth of the specimens
was measured and was equal to zero. Then, specimens were placed in the carbonation
chamber (T = 20 ± 2 ◦C, RH = 60 ± 10% and 1 vol% CO2 level) for 14, 42 and 68 days. The
carbonation depth was determined by spraying phenolphthalein solution on a freshly split
surface and was measured at five points on each side to the nearest 0.1 mm.

The non-steady chloride migration test was performed in accordance with NT BUILD
492 [32]. Three cylindrical mortar specimens with a diameter of 100 mm and a height
of 200 mm were prepared. After curing in a water tank for 28 or 56 days, thick slices
of 50 ± 2 mm were obtained by cutting the cylindrical specimens. Then, the thick slices
(3 per mix and per test age) were placed in a vacuum container for three hours. With the
vacuum pump still running, the container was filled with saturated Ca(OH)2 solution until
all slices were immersed. The vacuum condition was maintained for another hour and
slices were kept in the solution for 18 ± 2 h. A 0.3 N NaOH and a 2 N NaCl solution were
used as anolyte and catholyte solutions, respectively. The end surface that was near to the
middle surface of the original mortar cylinder was the one to be exposed to the chloride
solution (catholyte).

An analysis of variance (ANOVA) was conducted by use of SPSS version 26.0 for
Windows (SPSS Inc., Chicago, IL, USA). A value of p < 0.05 was considered significant.
Statistical analysis was conducted on at least three independent measurements per series
according to the flowchart in Figure 2a. Figure 2b exemplifies the method of working
with the case in which the compressive strength results at 90 days for C100, C90B10 and
C25B75 were analysed. The Shapiro–Wilk test showed that the significance level was
larger than 0.05, indicating a normal distribution of the data. Then, the homogeneity of
variances was tested based on Levene’s test and the significance level was lower than 0.05,
indicating unequal variances. Finally, the ANOVA with Dunnett T3 post hoc test was used
for multi-comparison of the data and the significance level was lower than 0.05, indicating
a significant difference among the compressive strengths of C100, C90B10 and C25B75 at
90 days.
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among C100, C90B10 and C25B75.

3. Results and Discussion
3.1. Pozzolanic Acitivity

The amorphous content; the CaO, Al2O3 and SiO2 content; and the D10, D50, D90
values of the WBP used in the current study are compared with those of other waste
brick powders, being waste products from the grinding of bricks used for mortar-free
masonry walling in [7] and from a demolition site in [6,15] (Table 5). Results in [7] indicate
that the pozzolanic activity of brick powder is increased with the increase in amorphous
content, and the decrease in PSD has a positive effect on the improvement in the pozzolanic
activity. From [15], the particle shape of the brick powder tends to be spherical with the
decrease in particle size from D50 = 27.1 µm (brick 7) to D50 = 3.4 µm (brick 10), which
increases the contact area of materials and decreases the surface binding energy to improve
its pozzolanic activity. Compared with brick powders 1–6, the WBP used in the current
study has a lower amorphous content with lower CaO and Al2O3 contents and a higher
SiO2 content, indicating obviously lower pozzolanic activity. On the contrary, compared
with the powders of bricks 7–10, the WBP used in the current study shows more CaO,
less Al2O3 and more SiO2, while it shows a similar amorphous content and quite similar
PSD to brick powder 8, which has demonstrated that it can be used to replace PC by up
to 20% in mortars. The results of the Frattini test for blended cement at 7 and 28 days
are shown in Figure 3. The calcium isotherm curve divides the graph into pozzolanic
and non-pozzolanic areas, respectively, below and above this curve. Figure 3a shows that
the pozzolanic activity of blended cement with WBP is increased with WBP content and
curing ages. The value of C90B10 at 7 days is above the solubility line corresponding to no
pozzolanic activity. The results for C90B10 at 28 days and C75B25 at 7 days lie near, but
below, the line, indicating a poor pozzolanic activity. The C60B40 shows high pozzolanic
reactivity at both 7 and 28 days while C75B25 has a good value at 28 days. Figure 3b shows
that all points of blended cement with GGBFS and WBP are below the isotherm curve
except C50S50 at 7 days.

3.2. Flow Table

Figure 4 shows the flowability of mortars with and without SS. There is an insignificant
difference in flow values between C100 and C50S50 (p = 0.70). The difference is significant
between C100/C50S50 and binary cements with 10–40% WBP or ternary cement with 50%
of WBP+GGBFS (p < 0.05). C100 and C50S50 show obviously higher flow values than the
other binary and ternary cements (Figure 4a). Moreover, the mortars without SS solution,
except C100 and C50S50, show an insignificant difference in flow value (p > 0.05). The
mean flow value of the mortars is slightly decreased with the increase in WBP content for
both binary cement with WBP and ternary cement with WBP and GGBFS.
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Table 5. The amorphous content; CaO, Al2O3 and SiO2 content; and D10, D50, D90 of the WBP used
in this study and brick powders (bricks 1–6 from [7] and bricks 7–10 from [15]).

Materials
Pozzolanic Activity

(mg Ca(OH)2/1 g
Pozzolan) after 1 Day

Amorphous
(%)

CaO
(%)

Al2O3
(%)

SiO2
(%)

D10
(µm)

D50
(µm)

D90
(µm)

WBP - 24.7 9.51 10.13 71.13 1.3 15.1 41.0
Brick 1 460 72.1 13.79 15.61 58.50 1.8 16.6 95.6
Brick 2 455 71.3 14.10 15.14 58.34 1.6 10.6 48.3
Brick 3 408 65.2 15.10 15.25 58.12 1.6 12.3 70.6
Brick 4 345 65.4 10.15 15.19 59.12 1.6 15.2 222.3
Brick 5 326 64.3 10.24 15.10 58.87 1.7 13.5 94.6
Brick 6 296 63.7 10.57 15.24 58.13 1.8 13.4 154.1
Brick 7 - 20.1 1.9 18.4 64.5 5.0 27.1 91.2
Brick 8 - 20.1 1.9 18.4 64.5 1.6 15.8 55.3
Brick 9 - 20.1 1.9 18.4 64.5 1.0 10.5 33.3

Brick 10 - 20.1 1.9 18.4 64.5 0.6 3.4 24.1
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Figure 4b shows the comparison of flow values for mortars with different SS contents.
There is an insignificant difference in the flow value between mortars with 0%, 1.5% and
2.5% SS solution (p > 0.05). The C60B40 and C50B10S40 activated by 2.5% SS have a slightly
higher mean flow value than those activated by 0% and 1.5% SS. The mini-slump test
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in [24] indicated that a content of SS ranging from 1% to 3% (Na2O equivalent of Na2SO4
by the mass of slag) has little effect on the workability of SS-activated GGBFS pastes at a
water-to-binder ratio of 0.3.

3.3. Flexural and Compressive Strength

The flexural strength results of mortars at the ages of 2, 7, 28 and 90 days are provided
in Table 6. The mean values of the flexural strength of mortars without SS solution are
decreased with the increase in WBP content for both binary cements with up to 40%
WBP and ternary cements with 50% of WBP+GGBFS. There is a significant difference
in flexural strength between C100 and all binary/ternary cements at all ages except for
C90B10 at 2 days (p = 0.51). For ternary cements with 50% PC replacement without SS
solution (C50B10S40, C50B25S25 and C50B40S10), using 10–40% GGBFS to replace the PC
shows lower mean values than the corresponding binary cements with the same content
of WBP (C90B10, C75B25 and C60B40) at 2 and 7 days, while the comparative results
are insignificant at 28 and 90 days (p > 0.05). In addition, compared with C50S50, the
flexural strength of C50B10S40 is insignificant at 2, 7, 28 and 90 days (p > 0.05), and that of
C50B25S25 is insignificant at 2 and 7 days (p > 0.05), while C50B40S10 shows a significant
difference at 7, 28 and 90 days. In comparison to mortars without SS, the addition of 1.5
and 2.5% SS obviously increases the flexural strength of the corresponding mixture at
2 days. Compared with C60B40 without SS, C60B40 with 1.5% SS shows a higher mean
flexural strength at 7 days while the difference is insignificant at 28 and 90 days (p > 0.05).
Furthermore, C60B40 with 2.5% SS shows an insignificant difference in flexural strength
at 7 and 28 days (p > 0.05); however, the difference is significant at 90 days and the mean
value is lower in comparison with C60B40 without SS. In the presence of GGBFS, the
flexural strengths of C50B25S25 and C50B40S10 activated by SS solution show a significant
difference with the corresponding ternary cements without SS at all ages (p < 0.05) and the
mean value is higher, while the difference between C50B10S40 with and without 1.5% SS is
insignificant (p > 0.05). The C50B10S40 with 2.5% SS shows a lower value than that without
SS at 28 days. Furthermore, ternary cements with 1.5 and 2.5% SS show an insignificant
difference with C100 at 90 days (p > 0.05), except for C50B40S10 with 1.5% SS. In addition,
with the increase in SS content from 1.5 to 2.5%, the flexural strength of C50B10S40 at 2, 7,
28 and 90 days is decreased while the values of C50B25S25 and C50B40S10 are increased at
28 and 90 days.

Table 6. Flexural strength of mortars (N/mm2).

Mixture
2 Days 7 Days 28 Days 90 Days

Mean Std Mean Std Mean Std Mean Std

0% SS

C100 5.0 0.4 8.2 0.4 9.7 0.3 9.8 0.3
C50S50 2.5 0.1 4.7 0.3 7.6 0.2 8.4 0.5
C90B10 4.4 0.2 5.6 0.1 6.7 0.2 8.4 0.2
C75B25 3.5 0.1 4.6 0.2 6.7 0.3 7.3 0.1
C60B40 2.2 0.3 4.2 0.3 5.5 0.1 6.7 0.5
C50B10S40 2.2 0.1 4.7 0.3 7.4 0.3 8.2 0.3
C50B25S25 2.1 0.1 4.1 0.1 6.1 0.2 7.1 0.5
C50B40S10 2.0 0.1 3.5 0.2 5.4 0.1 6.1 0.4

1.5% SS

C60B40 3.7 0.3 5.4 0.3 5.2 0.2 7.1 0.1
C50B10S40 3.6 0.2 5.9 0.3 7.4 0.2 9.3 0.1
C50B25S25 3.4 0.1 5.1 0.1 7.0 0.3 9.3 0.1
C50B40S10 2.9 0.2 5.1 0.1 6.0 0.4 8.6 0.1

2.5% SS

C60B40 3.6 0.4 4.0 0.3 4.8 0.3 7.9 0.2
C50B10S40 3.7 0.1 3.8 0.1 5.4 0.2 9.1 0.2
C50B25S25 3.4 0.2 6.0 0.2 8.4 0.6 10.6 0.1
C50B40S10 3.0 0.2 4.8 0.1 6.6 0.1 9.5 0.1
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Table 7 shows the compressive strength results of mortars at the ages of 2, 7, 28 and
90 days. There is a significant difference between C100 and all other mortars with/without
SS (p < 0.05) at all ages and C100 shows the highest value. C50S50 and C50B10S40 exhibit
approximately 3% and 13% lower values than C100 at 90 days, respectively, due to a high
content of GGBFS with latent hydraulic properties. In addition, the compressive strength
of mortars without SS is decreased with the increase in WBP content for both binary
cements with up to 40% WBP and ternary cements with 50% of WBP+GGBFS at 2, 7, 28 and
90 days. Compared with binary cements with the same WBP content (C90B10, C75B25 and
C60B40), using 10–40% GGBFS to replace the PC (C50B10S40, C50B25SS25 and C50B40S10)
decreases the compressive strength at 2, 7 and 28 days while it increases the value at
90 days. Figure 5a shows the compressive strength ratio of binary cements over the C100.
The compressive strength of C90B10, C75B25 and C60B40 is lower than 90%, 75% and 60% of
the compressive strength of C100, respectively at all ages. Figure 5b shows the compressive
strength ratio of blended cements with 50% of WBP+GGBFS over C100. The compressive
strength ratio is lower than 0.5 at 2 days for all blended cements with 50% of WBP+GGBFS.
Moreover, the compressive ratio is increased with the increase in GGBFS content, and the
higher the GGBFS content, the earlier the compressive strength ratio exceeds the value
of 0.5. At 90 days, the compressive strength ratio for all blended cements with 50% of
WBP+GGBFS is higher than 0.5. Hence, the WBP with low pozzolanic activity (Table 5)
seems to contribute mainly to the dilution effect on the development of compressive
strength, while the contribution of GGBFS is obvious from 7 days (C100 vs. C50S50).

Table 7. Compressive strength of mortars (N/mm2).

Mixture
2 Days 7 Days 28 Days 90 Days

Mean Std Mean Std Mean Std Mean Std

0% SS

C100 25.2 1.2 45.5 0.8 56.4 2.1 66.1 0.8
C50S50 9.8 0.2 24.7 1.5 47.1 1.5 62.1 2.7
C90B10 19.7 0.1 28.7 1.3 37.5 0.6 51.6 1.5
C75B25 13.6 0.2 23.0 1.5 36.8 1.2 36.9 2.0
C60B40 7.5 0.3 18.1 0.7 27.4 0.6 34.3 0.9
C50B10S40 8.4 0.2 22.3 0.4 40.8 0.9 57.5 1.2
C50B25S25 7.2 0.1 19.8 0.7 33.2 1.1 44.4 1.4
C50B40S10 7.4 0.1 15.1 0.8 25.3 1.1 35.0 0.7

1.5% SS

C60B40 13.4 0.5 17.8 0.9 25.0 0.4 26.6 0.7
C50B10S40 11.6 0.6 21.3 0.6 36.5 0.9 38.3 0.9
C50B25S25 12.2 0.1 20.7 0.6 31.6 0.8 36.3 0.2
C50B40S10 11.5 0.4 19.1 2.3 20.9 1.5 29.1 0.2

2.5% SS

C60B40 12.5 0.8 15.7 0.6 20.5 0.7 30.4 0.7
C50B10S40 11.8 0.6 15.5 0.3 21.0 0.8 42.2 1.7
C50B25S25 10.8 0.5 20.5 1.3 29.4 1.4 43.1 0.4
C50B40S10 9.3 0.4 15.5 0.7 22.4 1.3 33.5 0.4

Sustainability 2024, 16, x FOR PEER REVIEW 11 of 15 
 

CaSO4. On the one hand, the addition of CaSO4 can increase the ettringite content with 
GGBFS hydration over time, which contributes to a positive effect on the late compressive 
strength [40]. On the other hand, the [SO4]2− in CaSO4 can react with the aluminium in C-
A-S-H gel produced from GGBFS hydration to form ettringite, which destabilizes the C-
A-S-H structure [37–39]. Moreover, in [41,42], different hydration products exhibit differ-
ent strength contributions, in which C-S-H dominates for the development of strength. 
Hence, the reduction in compressive strength at late ages is probably due to the decrease 
in C-A-S-H content, while the increase in ettringite content may alleviate this reduction to 
some extent. However, further research is needed to elucidate these effects. 

  
(a) (b) 

Figure 5. The compressive strength ratio of blended cements without SS over C100 based on mean 
values at 2, 7, 28 and 90 days: (a) binary cements with 10–40% WBP; (b) binary and ternary cements 
with 50% of WBP+GGBFS. 

3.4. Carbonation 
The carbonation results of mortars at 14, 42 and 68 days are shown in Figure 6. The 

results show that the carbonation depth is increased with the increase in WBP content for 
both binary cements with 10–40% WBP and ternary cements with 50% of WBP+GGBFS. 
C90B10 exhibits an insignificant difference in carbonation depth to C100 at 14, 42 and 68 
days (p > 0.05), while the other mortars with/without SS show higher carbonation depths 
than C100 due a lower Ca(OH)2 content. Compared with their corresponding mixture 
without SS, C60B40 and C50B40S10 with 1.5 and 2.5% SS show a significant difference in 
carbonation depth at all ages (p < 0.05) and the mean values are lower. There is a significant 
difference in carbonation depth at 14 and 42 days between C50B25S25 with and without 
SS solution (p < 0.05) and mortars with 1.5 and 2.5% SS show lower values, while the dif-
ference is insignificant at 68 days (p > 0.05). The positive effect of SS solution on the car-
bonation depth is observed for blended cements with a low GGBFS content (C60B40 and 
C50B40S10) at 14, 42 and 68 days. However, the C50B10S40 mixtures with 1.5 and 2.5% SS 
show an insignificant difference in carbonation depth to that without SS at 14 days (p > 
0.05), while the difference is significant at 42 and 68 days (p < 0.05). The carbonation depths 
of C50B10S40 with 1.5 and 2.5% SS are higher than that without SS at 42 and 68 days. The 
carbonation resistance of mortars depends on a trade-off between the positive and nega-
tive effects of 1.5% and 2.5% SS. The positive effects of SS on carbonation resistance are 
possibly due to pore refinement in these mixes or pore blockage during carbonation. In 
[40], the pore volume of large pores (diameter > 200 nm) in mortars with 100% GGBFS 
activated by 5.0% SS (mass related to GGBFS mass) is reduced. Hence, pore refinement 
via an increase in ettringite volume with the addition of SS solution can reduce CO2 per-
meability. Moreover, [43] showed that for pastes with 100% GGBFS activated by NaOH at 
1% CO2 concentration, the reaction between Na+, OH−, CO2 and H2O in the pore solution 
forms NaHCO3, Na2CO3·NaHCO3·2H2O and NaCa(CO3)2·5H2O, which can contribute pos-
itively to pore blockage and a reduction in CO2 ingress. In contrast, the possible drying 
shrinkage of mortars with 1.5% and 2.5% SS shows negative effects on the carbonation 

Figure 5. The compressive strength ratio of blended cements without SS over C100 based on mean
values at 2, 7, 28 and 90 days: (a) binary cements with 10–40% WBP; (b) binary and ternary cements
with 50% of WBP+GGBFS.



Sustainability 2024, 16, 624 10 of 15

In the case of SS addition, there is a significant difference in the compressive strength of
C60B40 between 0%, 1.5% and 2.5% SS (p < 0.05), and the compressive strength of mortars
with 1.5% and 2.5% SS is higher than those without SS at 2 days. At 7 days, C60B40 without
SS shows an insignificant difference in compressive strength to C60B40 with 1.5% and 2.5%
SS (p > 0.05). At 28 days, there is an insignificant difference between C60B40 and C60B40
with 1.5% SS (p = 0.16), while the difference between C60B40 and C60B40 with 2.5% SS
is significant (p < 0.05) and C60B40 shows a higher value. At 90 days, C60B40 shows a
significant difference in compressive strength to C60B40 with 1.5% and 2.5% SS (p < 0.05),
and C60B40 shows a higher value. When adding the SS solution in blended cement, the
SS reacts with Ca(OH)2 from PC hydration to form NaOH and CaSO4. In the literature, it
is mentioned that, when using 1–6% Na2O equivalent of SS (for comparison: 0.65% and
1.3% Na2O equivalent of SS in this paper) to activate pure GGBFS, the pH value in the
pore solution ranges from 12.0 to 12.3, which is lower than the approximate pH value of 13
from PC hydration [24,27]. As aforementioned, the WBP in blended cement with 10–40%
WBP mainly contributes to the dilution effect as seen from the compressive strength results.
Hence, because of the lower pH value related to the reaction of SS, it is probably difficult
to activate the WBP with a pozzolanic activity as low as that used in this study, and the
presence of CaSO4 may dominate the effect on the performance of blended cement with
40% WBP or 50% of WBP+GGBFS. In [33], the quick dissolution of aluminate and ferrite in
the PC hydration process creates an oversaturated pore solution of aluminium ions, which
retards the hydration rate of silicates as the surface of silicates is poisoned by the absorption
of aluminate ions. The presence of CaSO4 can react rapidly with the aluminates to produce
ettringite, resulting in a decrease in aluminium concentration in the pore solution and an
increase in silicate hydration [34,35]. In [36], the hydration of tricalcium silicate (C3S) in
PC is accelerated with the increase in CaSO4 content from 0 to 6% (related to the mass of
C3S) at 1 and 2 days since the adsorption of CaSO4 on the C–S–H surface modifies the
nucleation-growth process, leading to a higher compressive strength at early ages. Hence,
the rapid consumption of aluminium ions in pore solution due to the addition of 1.5%
and 2.5% SS promotes ettringite generation and silicate hydration, leading to a higher
compressive strength at 2 days. In addition, the reduction in the compressive strength of
blended cements with 1.5% and 2.5% SS at 28 and 90 days is possibly attributed to the
reduction in PC hydration with the addition of SS. In [37], although the mechanism remains
unclear, the degree of white PC hydration is decreased in the presence of 4.1% SS (mass
related to PC mass), which increases the total/capillary porosity of mortars and reduces
the compressive strength at 7, 28 and 90 days. More research is required to elucidate the
reaction mechanisms and phase assemblages of PC in the presence of SS.

In the presence of GGBFS, there is a significant difference in compressive strength at
2 days between mortars with and without SS solution for ternary cements with 50% of
WBP+GGBFS (p < 0.05), and the compressive strength of ternary cements with 1.5% or
2.5% SS is higher than that without SS at 2 days. The CaSO4 accelerates PC hydration and
reduces the total and capillary porosity at 2 days, as mentioned above in [37]. Moreover,
the addition of CaSO4 to ternary cements can reduce the aluminium ion content in pore
solution, which promotes GGBFS hydration and prevents the destabilization of ettringite
to mono-sulphates, resulting in a high early strength at 2 days [25]. Compared with
the strength of mortars without SS at 7 days, C50B40S10 activated by 1.5% SS solution
shows a significant difference (p < 0.05) and a lower mean value, while the difference
is insignificant when adding 2.5% SS solution (p > 0.05). Furthermore, the compressive
strength of C50B25S25 shows insignificant differences between the addition of 0, 1.5 and
2.5% SS at 7 days. For C50B10S40 with a high GGBFS content, the difference in compressive
strength is insignificant between mortars with 1.5% SS and without SS (p = 0.93) at 7 days,
while mortars with 2.5% SS show a significant difference with mortars without SS (p < 0.05).
The mortars with 2.5% SS show a higher mean compressive strength than mortars with
0% and 1.5% SS at 7 days. Compared with corresponding mixtures without SS at 28 and
90 days, mortars with 1.5 and 2.5% SS show a significant difference in compressive strength
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(p < 0.05) and the mean value is lower, except for C50B25S25 with 1.5% SS at 28 days
(p = 0.40), C50B25S25 with 2.5% SS at 90 days (p = 0.43) and C50B40S10 with 2.5% SS at
90 days (p = 0.24). In addition, mortars with 1.5% SS show a higher strength value at 7 and
28 days, while the mean value is lower at 90 days compared with mortars with 2.5% SS.
From [27,37–40], the mechanism by which the addition of SS in blended cement with GGBFS
reduces the late strength after 7 days remains unclear but may be related to the effects of
CaSO4. On the one hand, the addition of CaSO4 can increase the ettringite content with
GGBFS hydration over time, which contributes to a positive effect on the late compressive
strength [40]. On the other hand, the [SO4]2− in CaSO4 can react with the aluminium
in C-A-S-H gel produced from GGBFS hydration to form ettringite, which destabilizes
the C-A-S-H structure [37–39]. Moreover, in [41,42], different hydration products exhibit
different strength contributions, in which C-S-H dominates for the development of strength.
Hence, the reduction in compressive strength at late ages is probably due to the decrease in
C-A-S-H content, while the increase in ettringite content may alleviate this reduction to
some extent. However, further research is needed to elucidate these effects.

3.4. Carbonation

The carbonation results of mortars at 14, 42 and 68 days are shown in Figure 6. The
results show that the carbonation depth is increased with the increase in WBP content for
both binary cements with 10–40% WBP and ternary cements with 50% of WBP+GGBFS.
C90B10 exhibits an insignificant difference in carbonation depth to C100 at 14, 42 and
68 days (p > 0.05), while the other mortars with/without SS show higher carbonation
depths than C100 due a lower Ca(OH)2 content. Compared with their corresponding
mixture without SS, C60B40 and C50B40S10 with 1.5 and 2.5% SS show a significant
difference in carbonation depth at all ages (p < 0.05) and the mean values are lower. There
is a significant difference in carbonation depth at 14 and 42 days between C50B25S25
with and without SS solution (p < 0.05) and mortars with 1.5 and 2.5% SS show lower
values, while the difference is insignificant at 68 days (p > 0.05). The positive effect
of SS solution on the carbonation depth is observed for blended cements with a low
GGBFS content (C60B40 and C50B40S10) at 14, 42 and 68 days. However, the C50B10S40
mixtures with 1.5 and 2.5% SS show an insignificant difference in carbonation depth to
that without SS at 14 days (p > 0.05), while the difference is significant at 42 and 68 days
(p < 0.05). The carbonation depths of C50B10S40 with 1.5 and 2.5% SS are higher than
that without SS at 42 and 68 days. The carbonation resistance of mortars depends on a
trade-off between the positive and negative effects of 1.5% and 2.5% SS. The positive effects
of SS on carbonation resistance are possibly due to pore refinement in these mixes or pore
blockage during carbonation. In [40], the pore volume of large pores (diameter > 200 nm)
in mortars with 100% GGBFS activated by 5.0% SS (mass related to GGBFS mass) is
reduced. Hence, pore refinement via an increase in ettringite volume with the addition
of SS solution can reduce CO2 permeability. Moreover, [43] showed that for pastes with
100% GGBFS activated by NaOH at 1% CO2 concentration, the reaction between Na+,
OH−, CO2 and H2O in the pore solution forms NaHCO3, Na2CO3·NaHCO3·2H2O and
NaCa(CO3)2·5H2O, which can contribute positively to pore blockage and a reduction in
CO2 ingress. In contrast, the possible drying shrinkage of mortars with 1.5% and 2.5%
SS shows negative effects on the carbonation resistance. From [44], the drying shrinkage
of 100% GGBFS activated by 1% SS (mass related to powder mass) is obviously higher
than that of 95% GGBFS + 5% PC at 20 ± 1 ◦C and 60 ± 10% RH. Although none of the
aforementioned references correspond exactly with our case, they give some indication of
the possible reasons behind the enhanced performances of the mixes with the SS activator.
Future work in this area is required to determine the details of the mechanisms taking place
in the case of mixtures with WBP (and GGBFS).
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Figure 6. The carbonation depth of mortars at 14, 42 and 68 days of storage in the carbonation
chamber (T = 20 ± 2 ◦C, RH = 60 ± 10% and 1% CO2 level).

3.5. Non-Steady-State Chloride Migration

Figure 7 shows the values of the non-steady-state chloride migration coefficients of
the mortars after 28-day and 56-day storage in a water tank. The results indicate that
the chloride migration coefficient of mortars without SS is increased with the increase in
WBP content in both binary cements with 10–40% WBP and ternary cements with 50% of
WBP+GGBFS since the poor pozzolanic activity of the WBP leads to a reduction in hydration
products and increases the porosity. For ternary cements with 40% GGBFS+quartz, the
pore entry size is increased with the increase in quartz content from 10% to 40%, as
reported in [45]. C90B10 shows a slightly higher migration coefficient than C100 at 28 and
56 days. Moreover, the blended cements with high GGBFS content (C50S50, C50B10S40
and C50B25S25) show a lower chloride migration coefficient than C100, probably due to
the pore refinement from GGBFS hydration. As was mentioned in [45–47], binary cements
with 40% or 50% GGBFS show a lower pore size distribution and average pore diameter
at 28 days compared with PC. For mortars with 1.5 and 2.5% SS solution, the chloride
migration coefficient is significantly different from the corresponding mortars without SS
(p < 0.05), and mortars with 1.5 and 2.5% SS show obviously lower values. In [37,40], for
mixes with 100% GGBFS activated by 5.0% SS (mass related to GGBFS mass), the pore
structure is refined and the critical pore radius is decreased in the presence of SS at 28 days,
resulting in a low chloride migration coefficient.
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4. Conclusions

The main conclusions are as follows:

1. The amorphous content and Frattini test indicate that the WBP used in this study has
low pozzolanic activity.

2. The fresh and hardened properties of both binary and ternary cements are decreased
with the increase in WBP content from 10% to 40% since the WBP with low pozzolanic
activity mainly contributes to the dilution effect. Compared with C100, C90B10
exhibits a similar carbonation depth after 14, 42 and 68 days of exposure and a slightly
higher chloride migration coefficient at the age of 28 and 56 days.

3. For ternary cements with 50% PC replaced by WBP+GGBFS, the flexural and compres-
sive strengths are increased while the carbonation depth and chloride migration coeffi-
cient are decreased with the increase in GGBFS content. Compared with C100, C50S50
and C50B10S40 exhibit approximately 3% and 13% lower compressive strengths at
90 days and an obviously lower chloride migration coefficient at 28 and 56 days.

4. The addition of 1.5 and 2.5% SS solution increases the compressive strength of binary
cement with 40% WBP and ternary cement with 10–40% WBP and 40–10% GGBFS
at 2 days, while the compressive strength at 28 and 90 days is decreased since the
presence of SS probably destabilizes the C-(A)-S-H structure. The carbonation depth
of mortars at 14, 42 and 68 days is decreased with the addition of 1.5 and 2.5% SS
solution. However, the C50B10S40 with 1.5 and 2.5% SS exhibits a higher carbonation
depth at 42 and 68 days than that without SS. In addition, mortars with 1.5 and
2.5% SS show a lower chloride migration coefficient at 28 and 56 days than mortars
without SS.
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