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Abstract: The replacement rates of portland cement by ceramic waste powder (CWP) are generally limited to few percentages (i.e., less than
10%), as increased additions lead to inferior concrete strength and durability. This paper assesses the importance of blending CWP with blast
furnace slag (BFS) to foster synergistic pozzolanic reactions and reinstate strength development despite increased cement replacement rates.
Tested binders contained different cement-CWP-BFS proportions, while the evaluated properties included the compressive, splitting tensile,
and flexural strengths in addition to the modulus of elasticity, freeze/thaw resistance, and thermal transmittance. Test results showed that
concrete strength and durability gradually degraded when the cement was partially replaced by 10%–20% CWP, given the dilution effect that
alters hydration reactions and overall porosity. Yet, the concrete properties significantly improved when the CWP and BFS materials were
both incorporated in the same binder, indicating the occurrence of synergistic pozzolanic reactions that refined the matrix microstructure.
Hence, concrete prepared with ternary binder containing 50% cement, 15% CWP, and 35% BFS exhibited durability and strength properties
at 56 days comparable to the control mix made with 100% cement. DOI: 10.1061/(ASCE)MT.1943-5533.0004031. © 2021 American
Society of Civil Engineers.

Author keywords: Blast furnace slag (BFS); Ceramic waste powder (CWP); Compressive strength; Durability; Freeze and thaw;
Sustainability.

Introduction

The use of powder wastes or by-products rich in siliceous and/or
aluminous compounds considerably increased during portland
cement production (Malhotra 2000; Assaad and Issa 2017;
Abdollahnejad et al. 2019). Such practices proved vital to improve
sustainability without impairing the performance and durability of
concrete structures. Ceramic waste powders (CWPs) are among
those materials abundantly generated during the manufacturing
of ceramics used in sanitary, tiling, and refractory works (Singh
and Srivastava 2018). It is estimated that about 30% of the daily
produced tiles consist of CWP, cumulating globally about 22 billion
tons per year (Dieb et al. 2018). If improperly landfilled, CWPs
could degrade the soil fertility and groundwater due to leaching
of toxic metals such as barium, copper, and cadmium (Dieb et al.
2018).

The use of CWP as partial or complete replacement of natural
fine aggregates is well accepted in the concrete industry (Silva et al.
2010; Assaad 2017; Hwalla et al. 2020). Nevertheless, the siliceous
nature of such wastes evoked higher interest to assess suitability as

cement substitutes, thus increasing their added-value while reduc-
ing the cement carbon footprint. Earlier studies showed that finely
ground CWP to less than sieve No. 200 (i.e., 75 μm) leads to higher
strength development, which can be attributed to a microfiller effect
coupled with pozzolanic reactions that promote the growth of cal-
cium silicate hydrates (CSH) (Ay and Unal 2000; Lavat et al. 2009;
Nayana and Rakesh 2018; Aly et al. 2019). Steiner et al. (2015)
found that the calcium hydroxide (CH) content reduced with
CWP additions having an average particle size of 9 μm, which
led to higher 28-days strength and only 5% mass loss when heated
up to 1,000°C. Similar results are reported by Ay and Unal (2000)
and Kannan et al. (2017), who demonstrated the pozzolanic proper-
ties of CWPs, making them complying to all current physicochemi-
cal ASTM C618 (ASTM 2019a) requirements. Naceri and Hamina
(2009) showed that grinding CWP with clinker and gypsum in-
creased the late pozzolanic reactivity. Lasseuguette et al. (2019)
evaluated the hardened properties of mortars containing CWP de-
rived from red and white ceramics, which were ground to 30-μm
maximum size and incorporated up to 30% cement replacement.
The authors confirmed the occurrence of a secondary hydration re-
action that increased the CSH compounds (Lasseuguette et al.
2019). The white CWP was found more reactive than the red
one, which was attributed to differences in chemical and mineral-
ogical compositions. Lavat et al. (2009) explained that ceramic
glazing and color had negligible effect on the pozzolanic reactivity
of the powder ground to 45-μm size.

The CWP addition rates have direct influence on strength
development and durability of cementitious composites. Raval
et al. (2013) indicated that 10%–50% replacements of cement by
CWP decreased the concrete 28-days compressive strength (f 0c)
by 7%–40%. Subasi et al. (2017) showed that f 0c drops by
8%–18% with 15% CWP additions, which were ground using a
Los Angeles abrasion machine and sieved finer than 125-μm.
The scanning electron microscope (SEM) images showed rough-
and angular-shaped morphology for tested CWP particles (Subasi
et al. 2017). Heidari and Tavakoli (2013) reported that cement
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substitution by 10% CWP leads to comparable compressive and
flexural strength at 90 days. Vejmelková et al. (2012) showed that
the mechanical and transport properties are marginally affected by
CWP added up to 20% rates; yet, the fracture energy and chemical
resistance to HCl, MgCl2, and Na2SO4 can be maintained up to
40%. The fineness level and SiO2 content in tested CWP were
335 m2=kg and 63.5%, respectively. Mohit and Sharifi (2019) in-
vestigated the thermal properties of mortars containing up to 25%
CWP having 550 m2=kg surface area. The authors concluded that
such additions enhanced the f 0c and flexural strength of specimens
exposed up to 800°C. The SEM images showed reduced open
porosity and denser microstructure due to CH conversions into
rigid calcium hydrate gels. Dieb and Kannan (2018) developed
a performance index to optimize the desired CWP replacement
level, recommending 10%–20% CWP rates for strength improve-
ment and workability retention, and 30%–40% rates for optimized
durability. Pacheco-Torgal and Jalali (2010) indicated that CWP
enhanced the resistance against chloride penetration, however, ex-
hibited higher oxygen permeability and water absorption. The
tested concrete was prepared with 20% CWP as partial cement
replacement and fixed water-to-binder ratio of 0.6.

Limited investigations evaluated the synergistic effects that
could result from blending cement, CWP, and other cementitious
materials such as silica fume and blast furnace slag (BFS) on the
pozzolanic activity and development of concrete strengths. In fact,
the foregoing literature shows that the mechanical and durability-
related properties remarkably degrade when the CWP addition rates
exceed approximately 10% (Dieb and Kannan 2018; Siddique et al.
2018; Abdollahnejad et al. 2019; Kuan et al. 2020). Therefore, the
exploration of possible synergistic effects to foster pozzolanic re-
actions can be of particular interest to highlight the CWP benefits
as value-added pozzolan, thus increasing the cement substitution
rates and leading to improved sustainability.

Heidari and Tavakoli (2013) studied the importance of synergistic
effects by combining CWP and glassy nano-SiO2 particles to pro-
mote the growth of CSH compounds through pozzolanic reactions.
The CWP was obtained by grinding ceramics finer than sieve No.
200 (i.e., fineness of 340 m2=kg), while the fineness and silica con-
tent of the nano-SiO2 were 2,000 m2=kg and more than 99.8%, re-
spectively. The authors reported that a 15%–0.5% CWP-SiO2

combination could overcome the deficiency in f 0c at all ages, while
mixtures containing CWP-SiO2 of 20%–1% were required to secure
equivalent strengths. Recently, AlArab et al. (2020) proved through
physicochemical characterization the synergistic benefits on the poz-
zolanic activity that could emanate from blending cement, CWP, and
BFS materials. The results were corroborated by SEM images as
well as using the Frattini, X-ray diffraction, and thermogravimetric
testing performed at various ages. Mortars prepared using ternary
binders containing 50% cement together with 20% CWP and 30%
BFS exhibited higher strengths than mixtures containing 80% ce-
ment and 20% CWP (or, also, mixtures containing 80% cement
and 20% BFS). The ternary binder mortars exhibited improved
the residual f 0c at elevated temperatures up to 800°C.

This paper is the continuation of a previous work undertaken to
assess the benefits of combining CWP and BFS in cementitious
materials (AlArab et al. 2020). It mainly seeks to validate the syn-
ergistic pozzolanic reactions observed on paste and mortar mixtures
to enhance the concrete strength and durability-related properties.
A relatively low to high water-to-binder ratio (w=b) of 0.27 and
0.54 are considered, while different binders containing up to
20% CWP and 40% BFS replacement rates are tested. The evalu-
ated properties determined after 7, 28, and 56 days included the
f 0c, splitting tensile and flexural strengths, modulus of elasticity,
freeze/thaw resistance, and thermal transmittance. The findings of

this work would help reducing the harmful environmental effects
associated with the indiscriminate dumping of CWP as well as
decreasing the volume of portland cement used in concrete
production.

Experimental Program

Binder Components and Proportions

Commercially available cement designated as CEM II/B-L and
BFS conforming respectively to BS EN 197-1 (CEN 2011) and
ASTM C989 Grade 80 (ASTM 2018a) requirements are used.
Their specific gravities are 3.15 and 2.6, respectively, while the
Brunauer–Emmett–Teller (B.E.T.) surface areas are 515 and
770 m2=kg, respectively (Table 1). The CWP was derived from
porcelain tiles that are crushed using a jaw crusher to pieces smaller
than 10 mm, then ground using a bico-pulverizer to produce a fine
powder whose 95% particles are finer than sieve No. 200. As given
in Table 1, the CWP had a surface area and porosity of 365 m2=kg
and 22.4%, respectively, making it much coarser and porous than
the cement and BFS materials. The porosity was determined on dry
powders, as per ISO 9277 (ISO 2010), which consists of exposing
the materials to nitrogen gas at different pressure conditions and
measuring the weight uptake and monolayer capacity. The CWP
is rich in SiO2 and Al2O3 compounds, with excellent resistance to
heat (i.e., mass loss is nil at 1,000°C). The mass loss increased
to 4.9% and 9.7% for the cement and BFS, respectively, mostly
as a result of CaO decomposition at temperatures varying from
600°C to 800°C (Mehta and Monteiro 2006; Lubloy et al. 2016).

Prior to concrete batching, a series of preliminary mortar tests
were performed to select the binder proportions including the upper
cement substitution limits by BFS or CWP materials. Those limits
were considered to be reached when the 28-days strength activity
index (SAI) drops below the recommended range that varies within
85%–95% according to ASTM C989 (ASTM 2018a). Testing was
realized by gradually replacing the cement by CWP (or BFS), while
the binder-to-sand-to-water ratio was set at 1∶2.75∶0.5 [ASTM C311
(ASTM 2018c)]. Results showed that the CWP and BFS replace-
ment rates should not exceed 20% or 40%, respectively; otherwise,
the SAI will drop significantly below the ASTM C989 limitation.

Concrete Materials, Proportions, and Mixing

The fine aggregates (i.e., sand) had a fineness modulus of 3, spe-
cific gravity of 2.64, and absorption capacity of 0.6%. A 19-mm

Table 1. Chemical and physical properties of the powders used

Oxides/minerals/properties Cement BFS CWP

CaO (%) 66.6 42.1 2.3
SiO2 (%) 21.5 32.6 67.3
Al2O3 (%) 4.6 12.2 19.8
Fe2O3 (%) 2.8 0.55 2.5
MgO (%) 1.2 5.45 2
SO3 (%) 2.7 4 0.1
C3S (%) 65.1 N/A N/A
C2S (%) 12.7 N/A N/A
C3A (%) 7.5 N/A N/A
C4AF (%) 8.5 N/A N/A
Loss on ignition (LOI) (%) 3 2 0
Specific gravity 3.15 2.6 2.65
B.E.T. surface area (m2=kg) 515 770 365
Residual mass loss at 1,000°C (%) 9.7 3.9 0
Porosity (%) 4.3 18.3 22.4
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maximum size coarse aggregate was used; its dry unit weight, spe-
cific gravity, and absorption capacity were 1,600 kg=m3, 2.68, and
1.74%, respectively. The gradation curves of the fine and coarse
aggregates comply with ASTM C33 (ASTM 2003) requirements.
A naphthalene-based water-reducing (WR) admixture was em-
ployed; its specific gravity and solid content were 1.18 and 35%,
respectively.

Two concrete series proportioned to exhibit relatively moderate
to high f 0c values are tested, allowing wider assessment of CWP
and BFS effects on pozzolanic reactions and strength development.
The binder content varied from 370 to 560 kg=m3, while the cor-
responding w=b was 0.54 and 0.27, respectively. As provided in
Table 2, the control mix in the moderate strength concrete series
was prepared with only cement, while this was gradually substi-
tuted on mass basis by 10%, 15%, and 20% CWP in the other
mixtures. The cement content decreased to 60% when the BFS
materials are incorporated, given the satisfactory SAI values ob-
tained at such replacement rates [ASTM C989 (ASTM 2018a)].
Subsequently, three binder proportions composed of 50%–55%
cement, 30%–35% BFS, and 10%–20% CWP materials were
considered, in order to assess the synergistic effects that could
result from such additions. The fine-to-total coarse aggregate ratio
remained fixed at 0.45, while the WR was incorporated at 0.6%, by
mass of binder, to achieve a slump hovering about 180� 40 mm.
The mixture codification refers to w=b and cement/BFS/CWP per-
cent content in the binder used.

The binder of the control high-strength concrete was composed
of 60% cement and 40% BFS (Table 2). In fact, the use of only
cement at such a high content of 560 kg=m3 is not a sustainable
practice, but also could detrimentally alter concrete durability due
to excessive heat increase during hydration reactions (Assaad and
Issa 2014; Matar and Assaad 2019). Two binder proportions con-
taining 50% cement along with 30%–35% BFS and 15%–20%
CWP materials are investigated. As earlier, the fine-to-total coarse
aggregate ratio remained at 0.45, while the WR was adjusted at
1.2%, by mass of binder.

The mixing process consisted of homogenizing the fine and
coarse aggregates together with half of mixing water for about
1 min. The binder (i.e., cement, CWP, and BFS) was then intro-
duced, followed by the remaining mixing water and WR. The con-
crete was mixed for 2 min, followed by a resting period of 30 s,
before resuming for an additional 1 min. Testing and sampling
were conducted at room temperature of 22°C� 3°C and relative
humidity of 60% �10%.

Testing Methods and Procedures

Right after mixing, the slump and fresh concrete density were de-
termined according to ASTM C143 (ASTM 2015c) and C138
(ASTM 2017a) test methods, respectively. The concrete is filled
in 100 × 200 mm steel cylinders to determine the f 0c and splitting
tensile strength (ft) according to ASTM C39 (ASTM 2015a) and
C496 (ASTM 2011), respectively. The modulus of elasticity (E)
was measured using 150 × 300mm cylinders according to ASTM
C469 (ASTM 2014). The cylinders used for f 0c and E measure-
ments were capped with sulfur, as specified in ASTM C617
(ASTM 2012), and tested at a deformation rate of 1.25 mm=min.
All specimens were demolded after 24 h, and moist cured at
95% relative humidity and 22°C� 3°C ambient temperature. The
compressive strength was realized after 7, 28, and 56 days in
order to better assess the occurrence of pozzolanic reactions and
strength development over time. An average of three values was
considered in this study, and the mean values are reported in
Tables 2 and 3.

The flexural strength (fr) was determined using 150 × 150 ×
500 mm beams by third-point bending, as per ASTM C78 (ASTM
2018b), while recording the midspan deflection using an LVDT.
The flexural toughness index (T) was deducted from the area under
the load versus deflection curves at the failure state. The concrete
resistance to freezing and thawing was determined after 56 days
using 75 × 100 × 405 mm specimens [ASTM C666 (ASTM
2015b)]. Testing was performed underwater up to 150 cycles; each
cycle consisted of fluctuating the temperature from 4°C to −8°C,
and vise versa. The fundamental transverse frequency was deter-
mined after a given number of cycles using a resonance tester
according to ASTM C215 (ASTM 2019b). The relative dynamic
modulus of elasticity (RDME) was calculated as: RDME;% ¼
ðn2=n2i Þ × 100, where ni and n refer to the fundamental transverse
frequency measured in the initial state and after a given number of
freeze/thaw cycles, respectively. Two replicates were tested for
each mixture to determine the average flexural strength and RDME
responses (Tables 3 and 4).

The concrete thermal transmittance (R-value) was determined
after 56 days using a steady state one-dimensional heat flux
conductivity apparatus according to ASTM C518 (ASTM 2017b).
The 300 × 300 × 25 mm blocks were properly molded to ensure
smooth contact surfaces, and edge insulation was implemented
to control the heat losses. The hot plate beneath the specimen
was regulated at 40°C, and the Fourier’s law of heat conduction
was used to calculate the R-value. The steady state condition was

Table 2. Binder composition and f 0c at various ages

Mix codification Cement (kg=m3) BFS (kg=m3) CWP (kg=m3) w=b 7-day f 0c (MPa) 28-day f 0ca (MPa) 56-day f 0c (MPa)

0.54-CEM100 370 0 0 0.54 21.3 30.6 (1.7) 33.4
0.54-CEM90/CWP10 333 0 37 0.54 17.4 26.8 (1.1) 30.5
0.54-CEM85/CWP15 314.5 0 55.5 0.54 15.6 23.9 (2) 26.3
0.54-CEM80/CWP20 296 0 74 0.54 14.6 18.8 23.3
0.54-CEM60/BFS40 222 148 0 0.54 19.3 31.2 (4.5) 39.4
0.54-CEM55/BFS35/CWP10 203.5 129.5 37 0.54 17.6 29.1 (3) 34.9
0.54-CEM50/BFS35/CWP15 185 129.5 55.5 0.54 16.3 25.2 (1.2) 30.9
0.54-CEM50/BFS30/CWP20 185 111 74 0.54 14.4 21.3 26.9
0.27-CEM60/BFS40 336 224 0 0.27 40.3 56 (2.1) 61.5
0.27-CEM50/BFS35/CWP15 280 196 84 0.27 35.7 52.1 (3.4) 56.7
0.27-CEM50/BFS30/CWP20 280 168 112 0.27 32.4 46.6 (1.7) 50.1

Note: Binder content, kg=m3 ¼ PðCementþ BFSþ CWPÞ; for moderate strength concrete (0.54-w=b), the water content, sand, and coarse aggregates were
equal to 200, 807, and 991 kg=m3, respectively; and for high strength concrete (0.27-w=b), the water content, sand, and coarse aggregates were equal to 150,
772, and 960 kg=m3, respectively.
aValues between parenthesis refer to the coefficient of variation (COV) (%).
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reached when no more than 1% mass loss was recorded over a 24 h
period.

Results and Discussion

The accuracy of various responses were determined when repeating
the same batch three times; the coefficient of variation (COV) was
calculated as the ratio between the mean of different values divided
by the standard deviation, multiplied by 100. As provided in
Tables 2 and 3, the COV values varied within 0.7%–4.5%, reflect-
ing good repeatability. The highest COV of 5.1% and 6.1% corre-
sponded to E measurements for the 0.27-w=b mixtures prepared
with CEM60/BFS40 and CEM50/BFS35/CWP15 binders.

Compressive and Splitting Tensile Strengths

The f 0c values determined after 28 and 56 days for the mixtures
prepared with 370 kg=m3 binder are plotted in Fig. 1; the ratio of
f 0c recorded after 56 and 7 days is also shown. Regardless of test-
ing age, the incorporation of CWP as partial cement replacement
gradually reduced f 0c; for example, this decreased from 30.6 MPa
for the control CEM100 mixture to 26.8 and 18.8 MPa with 10%
and 20% CWP additions, respectively. The corresponding ft de-
creased from 2.59 to 2.49 and 2.32 MPa, respectively (Table 3).
This can naturally be attributed to a dilution effect resulting from
the cement substitution by CWP, leading to reduced hydration ac-
tivity that detrimentally alters microstructure and formation of CSH
compounds (Dieb et al. 2018; ElMir et al. 2020). Concurrently, the
CWP particles are characterized by higher porosity (i.e., 22.4%
versus 4.3% for the cement), which could degrade the concrete
stiffness and capacity to resist compression or tensile loading

(Silva et al. 2016). This phenomenon is further aggravated by
the CWP coarse particles (365 m2=kg versus 515 m2=kg for the
cement) that reduce the microfiller effect and packing density in the
cementitious system (Khayat et al. 2003; Knop and Peled 2018).

Although the f 0c and ft magnitudes curtailed with CWP addi-
tions, the rates of strength increase over time were higher than those
of the control mix. Hence, for example, the f 0cð56 dayÞ=f 0cð7 dayÞ
ratio increased from 1.57 for the control CEM100 binder to 1.75 and
1.69 for the CEM90/CWP10 and CEM85/CWP15 binders, respec-
tively (Fig. 1). This physically reflects the pozzolanic nature of such
additions and their efficiency to promote the conversion of CH to
CSH compounds, leading to increased strength development. This
finding was corroborated by the Frattini tests and x-ray diffraction
(XRD) analysis (AlArab et al. 2020; Siddique et al. 2018), which
was directly attributed to the CWP chemical composition that affects
hydration reactions and phase assemblage. The binder containing
20% CWP exhibited an f 0cð56 dayÞ=f 0cð7 dayÞ ratio of 1.6
(i.e., close to the control mix), which may be due to the high
CWP content in the produced binder.

The 28-days f 0c for the concrete prepared using CEM60/BFS40
binder was close to the control mix (i.e., 31.2 MPa), which then
remarkably increased to register the highest value of 39.4 MPa after
56 days (Fig. 1); the resulting f 0cð56 dayÞ=f 0cð7 dayÞ ratio
reached 2.04. This can be directly related to the amorphous calcium
aluminosilicate nature of the BFS materials, which are known by
their capacity to exhibit both pozzolanic and latent hydration ac-
tivities (Mehta and Monteiro 2006; Hou et al. 2018), especially
when having a high fineness level of 770 m2=kg. The correspond-
ing ft responses were 2.79 and 3.18 MPa after 28 and 56 days, re-
spectively, making them also the highest values recorded for the
mixtures made using 370 kg=m3 binder content (Table 3).

Table 3. Hardened mechanical properties of investigated mixtures

Mix codification

ft (MPa) fr (MPa) Toughness, T (J) E (GPa)

28-day 56-day 28-day 56-day 28-day 56-day 7-day 28-day

0.54-CEM100 2.59 (0.7) 2.86 (1.5) 4.9 5.18 5.01 5.14 16.7 (3) 19.9
0.54-CEM90/CWP10 2.49 (3.1) 2.49 (0.8) 4.28 5.01 4.08 4.93 15.6 19.5
0.54-CEM85/CWP15 2.35 (2) 2.63 (3.1) 4.32 4.93 4.18 4.21 13.2 18.2
0.54-CEM80/CWP20 2.32 2.63 (2.1) 4.15 4.26 5.97 2.77 13.3 16.7
0.54-CEM60/BFS40 2.79 3.18 (4.1) 5.58 6.31 5.51 5.63 18.9 (4.5) 23.6
0.54-CEM55/BFS35/CWP10 2.67 (1.3) 3.12 4.67 5.48 3.2 4.3 18.8 (1.1) 21.2
0.54-CEM50/BFS35/CWP15 2.58 (2.2) 3.02 4.44 6.01 3.31 4.76 15.1 (0.7) 19.3
0.54-CEM50/BFS30/CWP20 2.57 2.69 4.57 5.45 3.76 4.4 13.8 (2.4) 18.7
0.27-CEM60/BFS40 4.28 (1.1) 5.01 8.56 8.7 7.14 8.95 26.4 (6.1) 31.8
0.27-CEM50/BFS35/CWP15 4.01 (3) 4.55 8.07 8.57 6.77 7.35 23.5 (5.1) 28.6
0.27-CEM50/BFS30/CWP20 4.11 (2.8) 4.18 7.11 7.81 6.79 6.59 21.5 26.7

Note: Values between parenthesis refer to the COV (%).

Table 4. RDME measurements after given number of freeze/thaw cycles

Mix codification After 30 cycles After 60 cycles After 90 cycles After 120 cycles After 150 cycles

0.54-CEM100 90 90 90 86 86
0.54-CEM90/CWP10 86 77 68 68 64
0.54-CEM85/CWP15 86 69 65 50 47
0.54-CEM80/CWP20 66 54 50 38 30
0.54-CEM60/BFS40 100 91 91 86 82
0.54-CEM55/BFS35/CWP10 87 83 79 73 67
0.54-CEM50/BFS35/CWP15 95 78 78 59 59
0.54-CEM50/BFS30/CWP20 91 91 87 69 57
0.27-CEM50/BFS35/CWP15 96 96 96 96 96
0.27-CEM50/BFS30/CWP20 95 95 95 95 91
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The incorporation of CWP in the CEM/BFS binder led to
gradual decrease in f 0c and ft values, just like what happened when
the cement was only used (Fig. 1). Hence, the 28-days f 0c de-
creased to 29.1 and 21.3 MPa when 10% and 20% CWP are re-
spectively introduced, while the corresponding ft decreased to 2.67
and 2.57 MPa. As earlier explained, this can be attributed to the
dilution effect in addition to the coarse and porous natures of
the CWP materials. Nevertheless, two peculiar observations
should be highlighted; the first relates to the higher 56-days f 0c
recorded for the concrete prepared with CEM55/CWP10/BFS35
binder compared to the control mix (i.e., 34.9 versus 33.4 MPa,
respectively), and the second relates to the remarkably higher
f 0cð56 dayÞ=f 0cð7 dayÞ ratios that hovered around 1.9 for mix-
tures prepared using the ternary CEM/BFS/CWP binders. As will
be discussed and quantified later in the text, such observations re-
flect the occurrence of secondary hydration reactions resulting from
the synergistic effects of both BFS and CWP materials (Arora et al.
2016; Sujjavanich et al. 2017; AlArab et al. 2020).

The magnitude of f 0c and ft responses almost doubled for
mixtures prepared with 560 kg=m3 binder and 0.27 w=b (Tables 2
and 3), which can normally be attributed to higher binder content
and reduced free water content that can refine the concrete porosity
and microstructure (Mehta and Monteiro 2006). Hence, for exam-
ple, the f 0c reached 56 and 61.5 MPa for the 0.27-CEM60/BFS40
concrete after 28 and 56 days, respectively. Yet, as earlier noticed
for the moderate strength concrete, the incorporation of CWP led to
reduced strength (i.e., the f 0c dropped to 56.7 and 50.1 MPa after
56 days for the 0.27-w=b mixtures containing 15% and 20% CWP,
respectively).

Good relationships with high correlation coefficients (R2) exist
between the f 0c and ft responses for all tested mixtures, as ex-
pressed in Eqs. (1) and (2). Also, it is worth noting that the splitting
tensile strength can well be predicted from the concrete f 0c using
the exponential analytical model [i.e., ft ¼ kðf 0cÞn] proposed by
ACI 318-19 (ACI 2019), where k and n are taken as 0.56 and ½,
respectively. The resulting coefficient of proportionality between
the measured-to-predicted values is 0.95, while the R2 value is
equal to 0.993

After 28 days∶ ft; MPa ¼ 0.0576 ðf 0c;MPaÞ þ 1.085 R2 ¼ 0.94

ð1Þ

After 56 days∶ ft; MPa ¼ 0.0657 ðf 0c;MPaÞ þ 0.834 R2 ¼ 0.95

ð2Þ

Flexural Strength and Toughness

The load versus deflection curves determined after 28 days for
beams prepared with concrete containing 370 kg=m3 binder are
plotted in Fig. 2. As shown, the stiffness of ascending curves as
well as the ultimate load at failure reduced with CWP additions,
which can mainly be attributed to a dilution effect that weakens
the hydrating gel bonds and reduces the development of strength
(Dieb et al. 2018; ElMir et al. 2020). Hence, the fr computed at
failure decreased from 4.9 MPa for the control CEM100 concrete

Fig. 1. Effect of binder composition on f 0c variations for moderate
strength concrete.

Fig. 2. Load versus deflection curves for moderate strength concrete beams.
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to 4.28 and 4.32 MPa for the CEM90/CWP10 and CEM85/CWP15
mixtures, respectively (Table 3). The corresponding toughness (T)
decreased from 5.01 to 4.08 and 4.18 J, respectively. On the other
hand, as noted earlier, the porous CWP particles may contribute
to reduced concrete stiffness and lead to larger deflections for a
given load (Silva et al. 2010; Dieb and Kanaan 2018). This was
particularly noticed for the CEM80/CWP20 concrete specimen that
experienced significant deflections reaching around 1 mm at the
ultimate load (Fig. 2).

The concrete prepared with the CEM60/BFS40 binder exhibited
the highest fr and T responses among the moderate strength mix-
tures, reaching 6.31 MPa and 5.63 J after 56 days (Fig. 3). Such
results are in line with f 0c measurements, reflecting the pozzolanic
and latent hydration activities of the BFS materials (Shi 2004;
Schuldyakov et al. 2016). Nevertheless, as shown in Fig. 2, the drop
in ultimate load due to CWP additions was accompanied with re-
duced deflections reflecting increased brittleness of tested beams.
Hence, mixtures made with the ternary binders exhibited the lowest
T values, hovering about 4.5� 0.25 J after 56 days, which most
likely could be associated to a refined and denser pore system
achieved through synergistic hydration reactions. This analysis
is consistent with the significant increase in the frð56 dayÞ=
frð28 dayÞ ratios that reached 1.35 for the CEM50/BFS35/CWP15
mixture (Fig. 3). Earlier studies showed that the bending strength
is largely dictated by the length of largest pores, as given in the
Griffith model, with direct consequences on toughness, elastic
modulus, and fracture energy (Jivkrov et al. 2013; Liu et al. 2017).

Schlangen and Qian (2009) reported that the brittleness of cement
pastes increases when the large pores and internal defects are re-
moved from the cement paste.

As expected, the fr responses for mixtures containing
560 kg=m3 CEM60/BFS40 binder reached 8.7 MPa after 56 days,
but then decreased to 8.57 and 7.81 MPa with the addition of 15%
and 20% CWP, respectively. The corresponding T varied from 8.95
to 7.35 and 6.59 J, respectively. It is to be noted that good relation-
ships can be established between the flexural and compressive
strength properties for all tested mixtures, as expressed in Eqs. (3)
and (4). The coefficient of proportionality determined between the
measured flexural strength responses and those predicted using the
exponential analytical model [i.e., fr ¼ kðf 0cÞn] is 1.37, with an
R2 value of 0.988. The k and n parameters are taken as 0.7 and ½,
respectively [ACI 318 (ACI 2019)]

After 56 days∶T; J ¼ 1.048 ðfr;MPaÞ − 1.084 R2 ¼ 0.88 ð3Þ

After 56 days∶ fr;MPa ¼ 0.115 ðf 0c;MPaÞ þ 1.823 R2 ¼ 0.94

ð4Þ

Quantification of Synergistic Effects

Fig. 4 plots the normalized strengths [i.e., Δðf 0c; ft; and fr] due
to CWP and/or BFS additions after 28 and 56 days determined for
the 0.54-w=b concrete mixtures. The ΔðStrengthÞ is computed as
follow:

ΔðStrengthÞ;% ¼
�
Strength of modified concrete − Strength of control CEM 100mix

Strength of control CEM 100mix

�
× 100

Clearly, the strength responses progressively dropped when
the cement is replaced by CWP additions. The highest strength
drop occurred during compression testing, which varied Δðf 0cÞ
at 28 days from −12.4% to −21.9% and −38.6% at 10%, 15%, and
20% CWP rates, respectively. This can mostly be attributed to the
porous CWP nature that reduces concrete stiffness and capacity to
resist the high stresses due to compression loading. The tensile and
flexural properties were less influenced by such additions; the
ΔðftÞ and ΔðftÞ reached, respectively, −8% and −17.8% for

the concrete prepared with 80CEM/20CWP binder. With few ex-
ceptions, the ΔðStrengthÞ values decreased over time, reflecting
higher strength development due to the continued hydration reac-
tions. Hence, for example,Δðf 0cÞ varied from −38.6% to −30.2%
after 28 and 56 days, respectively, for concrete containing the
80CEM/20CWP binder. The corresponding ΔðftÞ varied from
−10.4% to −8%, respectively.

The concrete made with CEM60/BFS40 binder exhibited
positive ΔðStrengthÞ values due to the presence of BFS materials
(Fig. 4). Yet, the strength gradually degraded when the CWP was
introduced in the ternary binder, albeit the resulting ΔðStrengthÞ
values remained significantly less pronounced compared to mix-
tures containing only cement and CWP. For instance, at 10%
CWP additions, the Δðf 0cÞ switched from −4.9% to 4.5% after
28 and 56 days, respectively, while the correspondingΔðfrÞ varied
from −4.7% to 5.8%. This reflects the occurrence of synergistic
pozzolanic reactions resulting from the presence of both CWP
and BFS materials, thus promoting the conversion of CH to rigid
CSH compounds and leading to higher mechanical properties com-
pared to the control mixture (Sujjavanich et al. 2017; AlArab et al.
2020). As shown in Fig. 5, the SEM images taken after 56 days on
hydrated pastes showed some remaining CH crystals in the control
paste made with only cement, while the microstructure become
much denser and CH crystals less visible in the hybrid binders
due to secondary hydration reactions (AlArab et al. 2020). At
15% CWP, the drop in f 0c after 56 days was very small and within
the repeatability of testing [i.e., Δðf 0cÞ equal to −7.5%], while the

Fig. 3. Effect of binder composition on fr and T responses determined
after 56 days for the moderate strength concrete.
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ΔðftÞ and ΔðfrÞ were positive, reflecting higher strengths com-
pared to the control CEM100 mixture. This again reveals the im-
portance of combining both CWP and BFS materials to foster the
pozzolanic synergistic effects with improved strength development.
From a sustainable point of view, this reflects the relevance of such
materials to reduce cement content while increasing the CWP in the

produced binder without impairing the performance and strength of
the concrete mixtures.

Modulus of Elasticity

The effect of CWP and BFS additions on the modulus of elasticity
responses determined after 7 and 28 days for the moderate strength
mixtures is plotted in Fig. 6. Concurrent with previous findings, the
E measurements gradually decreased when the cement is partially
replaced by CWP; for example, this varied from 19.9 GPa after
28 days for the control mixture to 18.2 and 16.7 GPa with 15%
and 20% CWP rates, respectively. As explained previously, this
can be attributed to the porous CWP nature that decreases concrete
stiffness, leading to larger strains for a given load (Naceri and
Hamina 2009; Silva et al. 2010). The concrete prepared with
CEM60/BFS40 binder exhibited the highest E of 23.6 GPa, which
then gradually decreased when the CWP is introduced in the binder.
The E responses recorded for mixtures made using CEM55/BFS35/
CWP10 binder were higher than the control CEM100 concrete
(i.e., 21.2 versus 19.9 GPa), due to pozzolanic effects. The E values
reached 31.8 GPa for high strength 0.27-w=b concrete prepared
with CEM60/BFS40 binder, which decreased to 26.7 GPa for
the 0.27-CEM50/BFS30/CWP20 mixture (Table 3).

Good relationships exist between the modulus of elasticity and
concrete f 0c for all tested mixtures, as expressed in Eqs. (5) and (6).
The coefficient of proportionality determined between the mea-
sured E responses and those predicted using the exponential ana-
lytical model [i.e., E ¼ 4,730ðf 0cÞn] is 0.84, with an R2 value of
0.998. The n parameter is taken as ½ [ACI 318 (ACI 2019)]

After 7 days∶E;GPa ¼ 0.446 ðf 0c;MPaÞ þ 7.95 R2 ¼ 0.89 ð5Þ

After 28 days∶E;GPa ¼ 0.373 ðf 0c;MPaÞ þ 9.93 R2 ¼ 0.95

ð6Þ

Freeze and Thaw Resistance

Typical RDME plots determined after 60 and 150 freeze=thaw
cycles for the moderate strength mixtures are given in Fig. 7. Com-
pared to the 86% value recorded after 150 cycles for the CEM100
control concrete, the incorporation of CWP led to significant
decrease in the RDME reaching 64%, 47%, and 30% at 10%, 15%,
and 20% CWP rates, respectively. This can be related to a dilution
effect that reduces the concrete strength and ability to resist the
deteriorating stresses due to freeze/thaw cycles (Siddique et al.
2018; ElMir et al. 2020). Concurrently, it is worth noting that the

Fig. 4. Strength variations after 28 and 56 days due to BFS and/or
CWP additions.

Fig. 5. SEM images of hydrated pastes after 56 days curing.
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CWP’s porous nature may have favored water penetration inside
the particles, which under freezing conditions could increase the
concrete vulnerability to cracking and delamination of constituent
bonds (Deja 2003; Kuan et al. 2020). Fig. 8 shows how one of the
20% CWP replicates broke completely after 150 cycles. This speci-
men did not only experience pop-outs but also complete disruption
of the paste reaching the upper surface, which caused its rupture.
These findings indicate the harmful impact of high CWP rates
on concrete durability, which is line with the study reported by
Vejmelková et al. (2012).

The concrete made using CEM60/BFS40 binder behaved al-
most similar to the control specimen; the RDME values were
pretty close to each other (Fig. 7). The resistance to freeze/thaw
cycles gradually curtailed with the incorporation of CWP in the
ternary binders, albeit the resulting RDME values were higher
than those registered for mixtures made with only cement. Hence,
the RDME recorded after 150 cycles were 59% and 57% for mix-
tures prepared with CEM50/BFS35/CWP15 and CEM50/BFS30/
CWP20 binders, respectively. Such results are in agreement with
previous strength data (i.e., f 0c, ft, and fr), confirming the ben-
eficial effects of BFS and CWP materials on the synergistic poz-
zolanic reactions that strengthen the concrete microstructure and
improve durability. As shown in Fig. 8, the exterior surfaces for
specimens made with 560 kg=m3 binder remained almost intact
after 150 cycles, given their dense microstructure associated with
the reduced w=b to 0.27. The resulting RDME values were higher

than 91% (Table 4), reflecting excellent resistance to freeze/thaw
cycles.

Fig. 9 plots the relationships between the 28-days f 0c with re-
spect to RDME values recorded after different cycles for all tested
concrete (interestingly, the R2 values gradually improved from
0.31 to 0.74 with the number of testing cycles). Clearly, mixtures
exhibiting higher f 0c are shown to better resist freeze/thaw cycles,
leading to increased RDME measurements.

Thermal Transmittance

As shown in Fig. 10, the R-value remained within the repeatability
of testing (i.e., from 0.53 to 0.57 m2 · K=W) for mixtures prepared
with CEM100 and CEM85/CWP15 binders. Yet, this remarkably
improved to 0.79 m2 · K=Wwhen 40% BFS materials were incor-
porated in the binder, given the refractory nature and chemical com-
position (mostly MgO) of such additions that are known by their
efficiency to improve the thermal properties (Grubesa et al. 2016;
Jabri et al. 2018). On the other hand, concrete prepared with
0.27-w=b exhibited significantly reduced R-value, dropping down
to 0.32 and 0.35 m2 · K=W for CEM60/BFS40 and CEM50/
BFS35/CWP15 mixtures, respectively. Such results are consistent
with the reduced w=b that refines microstructure and decreases
porosity of high strength concrete mixtures, leading to increased
heat conductivity and reduced thermal transmittance (Aydin 2008;
Quanlin et al. 2002).

Fig. 6. Effect of binder composition on E responses after 7 and 28 days
for moderate strength concrete.

Fig. 7. Effect of binder composition on RDME after 60 and 150 cycles
for moderate strength concrete.

Fig. 8. Photos for tested concrete beams after 150 freeze=thaw cycles.

Fig. 9. Relationships between 28-days f 0c and RDME measurements
after different number of cycles.
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Summary and Conclusions

Generally, the cement replacement rates by CWP are limited to few
percentages (i.e., less than 10%), as increased additions could dra-
matically alter concrete strength and durability. This paper assesses
the importance of blending CWP and BFS to foster synergistic poz-
zolanic reactions, which would compensate the curtail in mechani-
cal properties. Based on foregoing, the following conclusions can
be drawn:
1. Regardless of binder content and w=b, the concrete mechanical

properties gradually degraded when the cement is replaced by
10%–20% CWP. This was attributed to a dilution effect coupled
with increased CWP porosity that detrimentally alter concrete
strength and stiffness. Mixtures containing CWP exhibited
higher rates of strength increase over time (compared to control
mix), reflecting the pozzolanic nature of such additions.

2. Losses in the mechanical properties were remarkably reinstated
when the CWP and BFS were both incorporated in the same
binder, together with the cement. Hence, concrete prepared with
ternary binder containing 50% cement, 15% CWP, and 35%
BFS exhibited properties at 56 days comparable to the 0.54-
CEM100 control mix. This practically reduces the volume of
portland cement used in concrete production without impairing
the performance and durability of structures.

3. The concrete toughness and modulus of elasticity decreased
with CWP, given the dilution effect and intrinsic porous CWP
nature that reduce stiffness and enlarge deflections for a given
load. The incorporation of BFS attenuated the beam deflections
during flexural testing, which was attributed to a denser micro-
structure achieved by synergistic pozzolanic reactions.

4. Just like the mechanical properties, the resistance to freeze/thaw
cycles curtailed with CWP additions. The RDME dropped from
86% for the control CEM100 mix to 64% and down to 30% with
10% and 20% CWP rates, respectively. The CWP porous par-
ticles may have contributed to increased concrete vulnerability
to water penetration and expansion under freezing conditions.
The use of ternary binder improved the concrete resistance to
freeze/thaw.

5. The R-value remarkably improved for concrete blocks prepared
with BFS-containing binders, given the refractory nature and
high MgO content of such additions. High strength concrete
mixtures exhibited reduced R-values due to the reduced w=b
that decreases porosity, leading to increased heat conductivity.
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