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Abstract

The current study aimed to investigate the influence of the expired hardened cement blended with ground granu-
lated blast furnace slag on the bond, microstructure, and durability of high-strength concrete (HSC). Five concrete
mixes are prepared; the first mix is taken as a control, and the remaining four mixes are used as experimental blends.
HSC characteristics are evaluated by compressive, flexural, splitting tensile, bond, and durability tests. Furthermore, the
ultrasonic pulse velocity and microstructural characteristics tests are carried out to check concrete quality. The syner-
gistic action of blends (expired harden cement with GGBS) on the strength test results was found to increase with an
increase in blends up to 20%. The durability result reveals that HSC was found to be impermeable under aggressive
conditions. The microstructural characteristics achieved in the current investigation explain the above strength, bond,

and durability performance of these mixes. The whole performance of blends in HSC is adequate for industrial use.
Keywords: Expired hardened cement, Partial replacement, Cement, GGBS

1 Introduction

Nowadays, construction has become the most vital com-
ponent in developing our planet and our country, and it
plays a critical role in the social economy, especially in
decreasing unemployment. On the other hand, as the
population grows and improves its lifestyle, a propor-
tional increase in the consumption of natural resources
and energy occurs. Furthermore, the quick growth of the
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construction industry (CI) has advanced to a high con-
sumption of material resources. Conversely, due to poor
management techniques, the waste (construction and
demolition waste) generated by the construction indus-
try and its disposal in developing nations is consider-
able. These waste products are deposited directly into
the environment as landfills, which can pollute the eco-
system. When we talk about the issue of construction, it
is directly or indirectly related to the production of con-
crete (Andal et al., 2016; Bao et al., 2018; Gashahun, 2020;
Saidi et al., 2014; Soares et al., 2014).

Besides, related to CO,, global building materials pro-
duction stands as the world’s third-largest industrial sec-
tor, the extreme of which is related to the production of
concrete. Moreover, concrete production is responsible
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for about 45% of the waste from construction (Gartner
& Hirao, 2015; Gaur et al., 2019; Kosmatka et al., 2008;
Samad et al., 2016). Among those ingredients, cement
(binder) was the most expensive and not eco-friendly.
Cements, in a general sense, are adhesive and cohesive
materials that are capable of bonding together particles
of solid matter into a compact rocklike mass. Above and
beyond, cement is a hygroscopic construction material
and needs to be stored in a dry, leak-proof, and moisture-
proof building. It is advisable to store cement only for 3
months and not beyond that. While, without appropri-
ate storage and beyond the recommended shelf time,
this high-energy-consuming resource will turn into an
expired and hardened commercial item (Duggal, 2008;
Zainudeen & Jeyamathan, 2016). According to several
studies on the influence of SCMS on concrete, the sig-
nificant emissions of greenhouse gases such as CO,, SOx,
and NOx have led to various environmental challenges
like global warming, climate change, and desertification.
Many components of the cement manufacturing process
are potentially harmful to the environment, yet these
hazards and opportunities to minimize CO, emissions
through enhanced energy efficiency are only available
for the latter. (Johari et al., 2009; Samad & Shah, 2017;
Samad et al., 2016; Yang et al., 2013).

Many types of concrete have been developed for special
purposes (Neville & Brooks, 2010). Among them, high-
strength concrete (HSC) is substituted for conventional
concrete and is utilized in rehabilitating or strengthen-
ing concrete structures. HSC, according to ACI 211 4R-08
(ACI 211.4R (ACI Committee) 2008), has a compressive
strength of 40N/mm? (6000 psi) or greater after 28 days of
curing. The use of HSC for applications in structural struc-
tures has greatly grown in recent years due to its advan-
tages for the sustainability of our environment by using
alternative materials or recycling different industrial and
agricultural wastes as supplementary cementitious materi-
als (SCMs) (Alengaram et al., 2010; Samad & Shah, 2017).

Thus, employing SCMs as partial substitutes for clink-
ers in cement, such as powdered granulated blast furnace
slag, fly ash, volcanic ash, metakaolin, and silica fume, can
significantly reduce CO, emissions and amount of garbage
deposited in lake. This makes better use of industrial waste
and reduces the amount of clinker in cement, lowering
both the use of natural resources and the cost of cement
(Awol, 2011; Biswas & Rai, 2020; Deboucha et al., 2017;
Prakash et al., 2022; Taffese, 2018; Yang et al., 2013; Yening
et al,, 2019). Furthermore, SCMs such as ground granu-
lated blast furnace slag, metakaolin, silica fume, and fly
ash consumption as a portion of binders for concrete have
been increasing all over the world, particularly in the pro-
duction of high-performance and high-strength concrete.
This is because of the potential ability of these materials
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to improve the performance and properties of concrete
through their pozzolanic reaction, along with their filler
effect. Additionally, SCMs’ inclusion in concrete as mineral
admixtures to partially replace cement could serve as an
effective means of disposal and somehow preserve the non-
renewable resources required to produce cement, because
most of them are by-product materials and hence could
somehow contribute to sustainable concrete construc-
tion. Subsequently, in CI, concrete is mostly used. Moreo-
ver, using GGBS at a higher replacement level in cement
can significantly reduce concrete costs and pave the path
for more cost-effective, environmentally friendly concrete.
Therefore, by minimizing the negative impacts of concrete
on the environment, CI can achieve sustainability. This can
be achieved by replacing partial or all the concrete ingre-
dients such as aggregates and cement with industrial waste
(Johari et al., 2009; Majhi & Nayak, 2019; Prakash et al.,
2022; Shariq et al., 2013).

In the study conducted by Yening et al., (2019) investi-
gated the recycling of expired cement and aged supple-
mentary cementitious materials based on close packing
theory and space filling effect. They concentrated on
repurposing old SCMs with expired cement. The tests
done to check the suitability of these materials are also
limited to microstructure and permeability development,
and they blend with other aged SCMs to fill the space
between the pastes (Yening et al., 2019). Their study is
limited to the finer expired cement, not the hardened
expired cement, whereas this study will focus on experi-
mental investigation on bond, microstructure, and dura-
bility of those costliest and environmentally unfriendly
elements; expired hardened cement blended with ground
granulated blast furnace slag as a partial replacement of
cement in high-strength concrete; and its compressive,
flexural, and split tensile strength; and durability tests.
Furthermore, the ultrasonic pulse velocity (UPV) and
microstructural characteristics tests are carried out to
check concrete quality. Above and beyond, alternatively
this research focused, with the intention of reducing both
environmental pollution and the total material cost.

2 Experimental Investigation

2.1 Materials

The material properties used for producing concrete
mixes are done in the research laboratory as per the
related standard code of practice. And in this study, differ-
ent materials were used, such as cement, fine aggregate,
coarse aggregate, water, admixture, expired hardened
cement, and GGBS. The ordinary Portland cement (Dan-
gote cement) that is produced in Ethiopia (Grade 42.5R),
which is available on the market and satisfies the ASTM
C150/C150M (2011) standard specification with a spe-
cific gravity of 3.14, was used in this research. The fine



Chofore et al. Int J Concr Struct Mater (2022) 16:70

Gradation Chart for Fine Aggregate

Commulative Passing (%)
o
3

0.3mm 0.6mm 1.18mm 2.36mm

Sieve Size

4.75mm 9.5mm

Max. Requirement(%)

Fig. 1 Gradation chart of fine aggregate

Commulative Passing(%) Min. Requirement(%)

Gradation Chart for Coarse Aggregate

-
N
S

100

=
® o
S 3

Commulative Pass(%)
P
53

W(ﬂu«,«vi&»

~
o S

Pan .75mm 9.5mm 12.5mm 19mm 25mm
Seive Size

——Max. Requirement(%) ——Commulative Pass(%)

Min. Requirement(%)

Fig. 2 Gradation chart of course aggregate

aggregate used in this investigation was passed through
a 4.75-mm sieve as shown in Fig. 1, and nearby acces-
sible river sand meeting the requirements of the ASTM
C33/C33M or ES CD3.201 standard recommendation,
and uncontaminated, dried, pure river sand was used.
In addition, for more clarification the sieve analysis test
result stipulated in Appendix. Thus, the size of the coarse
aggregate utilized to satisfy the high-strength concrete
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requirement with a maximum of 19 mm aggregate (size
10-20 mm) as shown in Fig. 2, which was used through-
out this experimental investigation. The water used in
this study for both mixing and curing was supplied by
the City of Addis Ababa Water and Sewerage Author-
ity, and was accessible in the laboratory. For this study,
the admixture, also known as high-range water-reducer
admixture, which fits to the ASTM C494/C494M classes
of Type F and G water reducers, which are chemically
different from the normal water reducers and capable of
reducing water content by about 12%.

Materials used as filler that require preparation before
use were prepared. Expired hardened cement (EHC) was
collected from AASTU and ground granulated blast fur-
nace slag (GGBS) was obtained from a local Roze Ethiopia
PLC, the Ethiopia metals melting factory, which is in Addis
Ababa, Kality. Both EHC and GGBS were crushed and
ground through marble crushing machines around Kality
and sieved through a 75-um sieve as shown in Figs. 3 and 4,
with specific gravity of 2.92 and 2.83, respectively.

2.1.1 Raw Material Characterization

Both the physical and chemical properties of the raw
ingredients used in the concrete were studied. The physi-
cal properties, including specific gravity, density, particle
size distribution, moisture content, and water absorption,
were tested for the aggregate.

X-ray fluorescence (XRF) was used to determine the
chemical composition of expired hardened cement and
GGBS and to realize its compound by Ram J. and Ran B.,
X-ray diffraction techniques can be used to more accu-
rately determine compound percentages (Singh & Singh,
1995).

Fig. 4 GGBS process from source to final preparation to mix
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Table 1 Chemical composition of EHC and GGBS
S.no. Chemical composition (%)

EHC GGBS EHC GGBS
Sio, 18.52 54.12 K,0 <0.01 0.26
AlL,O; 487 12.65 MnO 0.08 6.40
Fe,05 2.50 436 P,0s 0.13 0.09
Cao 42.76 5.88 TiO, 0.14 0.15
MgO 0.76 2.14 H,0 13.28 0.22
Na,O 0.14 0.84 LOI 18.00 <0.01
Sio, 18.52 54.12 K,0 <0.01 0.26
Table 2 Summary of test results for aggregates
Test description Test results of aggregates

Fine Coarse

Fineness modulus 261 261
Moisture contents (MC) 2.15% 1.01%
Dry rodded unit weights 1622 kg/m? 1680 kg/m?
Specific gravity 268 284
Water absorption capacity 2% 1.05%

As shown in Table 1, the loss on ignition (LOI) value
of EHC is high compared with GGBS. According to
Kosmatka and Wilson (2011), the high LOI is due to
pre-hydration and carbonation, which may be caused
by improper and prolonged storage or alteration during
transport or transfer.

2.2 Concrete Mix Proportion

For this experimental investigation, a total of five high-
strength concrete mix designs were manufactured. Of
those, one mix without SCMs was considered as control.
The other four mixes were made by adding 15%, 20%,
25%, and 30% of EHC blended with GGBS by weight as
cement replacement. Considering previous literature
and their recommended dosage rates of supplementary
cementing materials, usually at 5% to 30% or more for
cementing material mass (Johari et al., 2009; Kosmatka
et al., 2008).

The design mix was done using the ACI mixing proce-
dure “guide for selecting using Portland cement and other
cementitious materials” (ACI Committee211, 2008). The
concrete was specified to have a slump of 50.8 to 101.6
with a target cubic strength (fcr’) of 48.83 MPa. Several
trial mixes were tested prior to the main experimental
work in order to achieve the desired mix design. Addi-
tionally, the mixed proportion of the control concrete
mixes and concrete containing SCMs has specifically

expired hardened cement, GGBS, and their quantities
used in this study are presented in Tables 2 and 3.

2.3 Concrete Mixing and Fabrication of Specimens

All the molds of specified sizes were oiled prior to fill-
ing them with concrete, and then specimens were
immediately produced. The material was weighed in the
required proportions. To keep homogeneity in every
concrete mix, cement, EHC, and GGBS were mixed
carefully in the initial phase. Then, to form a dry mix,
sand, and coarse aggregates together with the cementi-
tious materials were mixed for one minute in the con-
crete mixer. Then they measured the superplasticizer
mixed with water. After this, about 80% of the water
and superplasticizer mix are added to the mix, and for
an additional one minute, mixing continues. After-
ward, the remaining water is added and the mix con-
tinues mixing for 30 s until the mix becomes uniform in
visual inspection. Once the mixing is over, to eliminate
segregation, fresh mixed concrete is dropped from less
than one meter between mixer and concrete conveyer,
then damped concrete were mixed by using a shovel
and trowel, until it appears uniform. Subsequently,
the slump cone was immediately filled and tamped by
using the tamping rod in three layers with 25 strokes
for each layer, and the concrete used for slump tests
was returned to the mixing pan and, remixed into the
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Table 3 Mix proportion and their quantity used in this study
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Mix proportion MixNo Cement, kg GGBS, kg EHC kg Fine Coarse water, kg Admixture, W/cm
aggregate, aggregate, ml*
kg kg
100% OPC M Cc 18.7 - - 19.10 29.83 6.74 51 036
85% OPC + 10%GGBS + 5% EHC MR 1 15.89 1.87 0.935 19.10 29.83 6.74 51 0.36
80% OPC + 10%GGBS + 10% EHC MR2 14.96 1.87 1.87 19.10 29.83 6.74 51 036
75% OPC + 10%GGBS + 15% EHC MR 3 14.025 1.87 2.805 19.10 29.83 6.74 51 0.36
70% OPC + 10%GGBS + 20% EHC MR4 13.09 1.87 374 19.10 29.83 6.74 51 036

*Admixture used as ASTM C-494/C 494M recommendation a superplasticizer as 3 ml per one kilogram by weight of cementitious material

Mixc. = control high-strength concrete mix, Mg 1, 2, 3, and 4 are 15%, 20%, 25%, 30%, respectively, of EHC blended with constant 10% GGBS concrete mix made partial

replacement of cement

batch by using a shovel and trowel. Finally, the mixed
concrete was poured into the prepared mold with two
layers of appropriate compact on a table vibrator for
15 s for each layer.

Later, the specimens were removed from each mold
after 24 h and coded for identification, and placed at
curing tank until the desired age with a temperature
of 20+2 °C and a humidity of 55%. After the desired
curing age, the samples are taken out of the curing tank
and dried in the air for 18 £4 h. at laboratory condi-
tions (at room temperature). As a final point, the speci-
mens of concrete underwent different tests with the
intention of evaluating their strength, bond, micro-
structure, and durability. From the same mix, three
samples are taken to calculate the mean value of a par-
ticular test sample, which represents the result of that
test. In this study, five different mixes were prepared
using three different mold sizes, and the specimens
used were tested using cube, prism, and cylinder molds.
The cube, with a size of 100x100x100 mm and prism
size of 100x100x500 mm is used for compressive and
flexural strength tests, respectively. Additionally, the
100-mm diameter and 200-mm height size of the cylin-
drical mold are used for split tensile, ultrasonic pulse
velocity, and durability (permeability test). Besides, for
bond strength tests, cylinders of 100 mm in diameter
and 200 mm in height embedded with a 16-mm diam-
eter bar.

2.4 Test Procedures

At the start, the control mix is prepared by using basic
materials of HSC such as cement, fine and coarse aggre-
gate, water, and HRWRA without SCMs tested for 7-day
strength to determine the final proportion of the ingre-
dients. Then, based on the 7-day result, the final mix was
designed. Totally, the 90 specimens (30 cubes for com-
pressive, 15 flexural beams, and 45 cylinders for perme-
ability, split tensile, and bond) were cast on five different

mixed proportions of C-40 concrete. The test age for the
compressive strength of this study was performed at ages
7 and 28 days, whereas all the remaining tests were con-
ducted at the age of 28 only. After all mechanical tests are
performed, a sample from the control mix and optimum
replacement is taken to conduct microstructure tests on
concrete. Above and beyond, the following specific meth-
ods are involved as sub-sections.

The workability of HSC in this study was assessed
through a slump test using ASTM C 143. Addition-
ally, slump tests were conducted for each of the con-
crete mixes using a standard slump cone with height of
300 mm, a bottom diameter of 200 mm, and a top diam-
eter 100 mm.

Compressive strength was measured as per ASTM
C192/192M-07 (2007). According to Newman and Choo
(2003), the use of 100-mm cubes is common with high-
strength concrete as a means of decreasing the load test-
ing machine’s necessary capacity. Hence, in this study test
performed, 30 pieces of 100 x 100 x 100 mm cube-sized
samples were prepared for both control and mix made
with SCMs for C-40 concrete at ages 7 and 28 days. Each
concrete’s compressive strength was measured by testing
the cubes in a 3000-kN capacity standard compression
testing machine and by applying a rate of 3.0 N/mm?/s
constant compressive load up to failure.

The splitting tensile test is carried out on a stand-
ard cylinder with a diameter of 100 mm and a height of
200 mm using a bearing strip of 3 mm plywood that is
free of imperfections and is about 30 mm wide. The split
tensile strength of each concrete was determined by the
cylindrical specimens in a 3000-kN capacity standard
compression testing machine, applying load after the
specimen is aligned on the machine, and by the 5.0N/
mm?/s rate till failure according to the ASTM C 496
standard test method for splitting tensile strength.

Flexural strength was measured as per the ASTM C
78 concrete flexural strength test method. Hereafter, 15
pieces of 100 x 100x500-mm prism specimens were
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prepared for both control and mix made with SCMs for
C-40 concrete for flexural strength testing after 28 days
curing. Each concrete flexural strength was determined
by testing the prism specimens in a 100-kN capacity
standard machine for flexural testing and by a 20.0N/
mm?/s rate till failure.

By the side of Bond strength, three-cylinder mold sizes
of 100*200 mm for each mix were prepared by inserting
normal strength deformed reinforcement bars available
in the local market of 16 mm in diameter and 900-mm-
long vertically along each cylinder at the central align-
ment. To control the embedment length and cut the bond
near the loaded area of the specimen, plastic conduits
were introduced. Thereafter, the 28-day bond strength
was evaluated by performing a direct pull-out test in a
center-hole jack to measure the applied load. Meanwhile,
the load was applied manually, and the loading rate was
not entirely kept constant. But the loading rate was kept
below 2.75kN/s for all experiments. The average bond
stress was calculated from the maximum applied axial
load using Eq. (1):

p
te nLeDb’ ()
where 7 = average bond stress (MPa), P = maximum
applied axial tension force (N), Le = embedment length
(mm), and Db = diameter of bar (mm).

A durability or permeability test of HSC was carried
out at 28 days on 100-mm diameter and 200-mm height
cylinders by applying non-steady water penetration. The
steps followed for conducting water penetration tests
are: primarily, the test samples were assembled in the
permeability apparatus and 3 bar (0.3 MPa) pressure was
applied for the first 24 h. Then 5 bar (0.5 MPa) of water
pressure was applied for the next 24 h. Thirdly, the water
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end of 72 h, the concrete cubes were removed from the
permeability rig and split in two using a tensile splitting
machine. Upon visual examination, the portion of speci-
mens into which water penetrates appears darker than
the rest. Then the darker zone was marked and water
penetration depth measurements were taken.

Scanning electron microscopy (SEM) analysis was done
at Adama Science and Technology University (ASTU),
Adama, Ethiopia. The SEM analysis was done after the
28-day water-cured concrete samples were tested for
compressive strength. Sample fragments were gathered
and crushed as powder and sieved through 75 pm and
images were obtained using the secondary electron image
mode. Furthermore, the machine used was the JCM-6000
plus Bench Top SEM JEOL machine.

The ultrasonic pulse velocity test (UPV) is one of the non-
distractive test methods that is conducted by the emission
of waves through the test specimens (Kosmatka et al., 2008;
Shariq et al., 2013). The ultrasonic tester consists of two
transducers (one transmitter and one receiver head, 54 kHz
type), two connecting cables, one calibration rod, one bot-
tle of coupling agent for optimal surface contact, and two
1.5V alkaline D-type batteries that make up the UPV tester.
Furthermore, in UPV, transducers are often arranged in
three ways: direct (opposite faces), semi-direct (adjacent
faces), and indirect (the same face). Because the longitu-
dinal pulses leaving the transmitter are propagated in the
direction normal to the transducer face, the direct trans-
mission method was used to determine the pulse velocity
V in this study. The UPV tests were carried on a diameter of
100 mm and a height of 200 mm cylinders as per the guide-
lines of ASTM C 579-02. Afterward, the pulse velocity is
calculated by using Eq. (2):

. . L
pressure was increased to 7 bar (0.7 MPa) for the third V==, 2)
24 h, for a total of 72 h under pressure. Finally, toward the T
Table 4 Summary of laboratory tests conducted in this study
Laboratory tests Standards Reference no. Laboratory tests Standards Reference no.
Sieve analysis ASTM C33 ASTM (C33/C33-M-08, 2008a) Workability ASTM C143 ASTM C143/C143M-08, 2008c)
Aggregate specific ASTM C127 and C128 ASTM C127-07,2007a; ASTM  Compressive strength ASTM C192  ASTM C192/C192M-07, 2007)
gravity and absorp- C128-073, 2007b) Flexural strength ASTMC78  ASTM C78-08, 2008d)
ion o
Moisture content AASHTO T255 AASHTO T255, 2000) Spilt Tensile ASTM C496 ASTM C496/C496M-04, 2004b)
Normal consistency ASTM C187 ASTM C187-04, 2004a) Bond (pullout) ASTM C900 ASTM C900-06, 2006)
Setting time ASTM C191 ASTM C191-08, 2008b) Ultrasonic pulse velocity ASTM ASTM C597-16, 2016; IS;,

C579 and 133112002, 1992)

1S:13311-1
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Table 5 Average slump test result of concrete with control mix
and EHC blended with GGBS

S.no. Mix proportion of paste Slump
value*(mm)

1 100% OPC 90

2 85% OPC + 10%GGBS + 5% EHC 915

3 809% OPC+ 10%GGBS 4 10% EHC 94

4 75% OPC + 10%GGBS 4 15% EHC 97.5

5 70% OPC + 10%GGBS 4 20% EHC 100.5

* Slump value (mm) with water/cement ratio of 0.36 including 3 ml/kg of
HRWRA

Average Compressive Strength of HSC

57.45
60 50.91 54.66 52.44 50.12

38.19
40 3305 33.23 i 36.03 30.78
0 i i i i
MCc MR1 MR2 MR3 MR4

M 7-day M 28-day

Compressive Strength (MPa)
N
o

Fig. 5 Compressive strength test result

Q@

where V = pulse velocity, m/s; L = distance between
centers of transducer faces, m; and T = transit time, s.

All the tests were carried out according to the stand-
ards and with their references given in Table 4.

3 Results and Discussion
3.1 Influence of EHC Blended with GGBS on Workability

of HSC
According to ACI 211.4R-93 (ACI Committee211, 2008)
and ACI Committee 116, in general, it is possible for HSC
at slumps of an extra 177.8 mm with superplasticizer
without segregation to be properly handled, consolidated,
and commonly placed at the lowest slump. Moreover, the
workability and strength of concrete are influenced by
the quality of concrete-making constituents.

Table 5 shows that the slump value increases with
increasing the EHC blended with GGBS content. More-
over, it shows that the fresh concrete slump value of all
the blends is in the range of specification of 90-103 mm,
which is characterized by high workability. This workabil-
ity value is attained at a 0.36 water cement ratio, includ-
ing 3 ml/kg of HRWRA, together with those blends. Its
additional distinguishing feature is that the control mix
workability is low as equated to the other mix. This,
increase in workability, is probably due to high content
of the water (H,0) in EHC as shown in Table 1. Moreover,
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high-range admixtures used are to give increased work-
ability and a higher rate of slump loss.

3.2 Influence of EHC Blended with GGBS on Compressive
Strength of HSC

The influence of 15%-30% partial replacement of
cement by EHC blended with GGBS on the compres-
sive strength at 7 and 28 days is presented in Fig. 5.
According to ACI 318M-02, the 7-day concrete com-
pressive strength is 2/3 or 67% of the cubes’ target mean
strength after 28 days. Consequently, cubes’ compres-
sive strength at 7 days should be greater than 32.55 MPa
(0.67*48.83=32.55 MPa). Hence, for this study, the tar-
geted 7-day control mix compressive strength used for
comparison was 32.55 MPa.

The result from Fig. 5 reveals that, from the 7th day
of compressive strength, there are positive and nega-
tive raises of the target mean strength. Primarily, a posi-
tive increment was achieved with up to 25% (to be exact,
0.55%, 9.02%, and 15.55% with 15%, 20%, and 25% of
EHC blended with GGBS, respectively) cement partial
replacement compared to the control mix. Inversely, the
reduction in compressive strength attained at MR4 (30%
replacement of OPC by EHC blended with GGBS) is
inverse. Furthermore, from Fig. 5, we easily realize that
the fall of the 7th day compressive strength starts from
MR3, but it results in a higher than the target strength up
to MR4.

Whereas the 28th day compressive strength result
shown in Fig. 5 is like the 7th day result both positive and
negative increment. The first three mixes, such as MCc,
MR1, MR2 and MR3, show a positive increment from
the standard or target mean strength (48.83 MPa), but
MR4 shows a reduction from the control mix. Moreover,
the whole mixes satisfy the recommended target mean
strength or are all greater than 48.83 MPa. Predominantly
positive increments were achieved, up to 25% replace-
ment, specifically 7.37%, 12.85%, and 2.97% with 15%,
20%, and 25% of EHC blended with GGBS, respectively,
compared to control mix. On the other hand, the reduc-
tion in compressive strength attained at MR4 with 30%
replacement of OPC by EHC blended with GGBS and a
loss of 1.55% from the control mix. Furthermore, from
Fig. 5 we easily realize that the fall of the 28th day com-
pressive strength starts at MR3, but it results is higher
than the target strength up to MR4. This, the fall of the
28th day compressive strength, implies that the compres-
sive strength of concrete in which partial replacement of
OPC by EHC blended with GGBS decreases the mixture
of cement content, which leads to a fall in the hydration
reaction necessary for concrete strength development. In
the study conducted by (Johari et al., 2009), their results
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reveal that the different SCMs’ addition influences the
HSC compressive strength of mixes and their develop-
ment of strength would need the OPC hydration rate plus
the reaction between calcium hydroxide, Ca (OH)2 and
SCMs (Johari et al., 2009). According to Dave et al. (2017)
(Singh & Singh, 1995) when a less reactive pozzolan is
employed in OPC, composed of one more reactive, the
result is greater than those tested in the binary mixtures.
There is a combined effect between these pozzolans;
this outcome is called a synergic effect. Moreover, in the
study conducted by Yening et al. (2019) (Yening et al.,
2019), another significant reason for the lower strength
of the hardened mortar prepared from aged raw materi-
als is inhomogeneity; whereas, in this study, the reason
for the lower MR4 is probably as a result of the inclusion
of a high amount of expired harden cement.

The higher compressive strength value among the
entire mix of EHC blended with GGBS was MR2 with
20% replacement of OPC by EHC by GGBS, which shows
higher compressive strength improvement than the con-
trol mix with 15.55% and 12.85% for the 7th day and 28th
day cured HSC, respectively. GGBS are referred to as
“active pozzolans” (Prakash et al., 2022). It was observed
that supplementary cementitious materials appeared to
have an articulated impact on compressive strength. And
this excellent performance of GGBS absolutely proved
its pozzolanic reaction (i.e., compressive strength) was
still effective especially on the microstructure filled by
pozzolanic hydration products. Observations show that
there is a consistent increase in compressive strength
with an increment in the level of supplementary cemen-
titious materials in the blend. These GGBS (cementi-
tious powders) can be well blended to form an optimal
arrangement and offset disadvantages from relatively
lower hydraulic property of expired harden cement. This
improved CSH and decreased the amount of water that
remained after hydration with the addition of certain
substances as well. In essence, it decreased the bigger
water-filled holes and improved the material’s strength.

28-day Average Split Tensile Strength
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Fig. 6 Split tensile strength test result
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3.3 Influence of EHC Blended with GGBS on Split Tensile
Strength of HSC
Fig. 6 shows, at the age of 28 days, the rate of splitting
tensile strength development of 0%, 15%, 20%, 25%, and
30% of EHC blended with GGBS. And the rate of splitting
tensile strength development was 4.13 MPa, 4.54 MPa,
4.89 MPa, 4.38 MPa, and 4.07 MPa of 0%, 15%, 20%,
25%, and 30% of EHC blended with GGBS, respectively.
Moreover, like compressive strength, both positive and
negative influences are observed from the control mix.
Increments were achieved on a mix of MR1, MR2 and
MR3 with increments of 9.93%, 18.4% and 6.05%, respec-
tively, whereas the reduction in strength achieved in MR4
mixes was a 1.45% reduction from the control mix.
According to some scholars, different pozzolanic
materials have different effects on strength. But most of
them, including GGBS, have been found to improve the
strength of concrete, especially in the latter days (after
28 days) (Abebe, 2002; Neville & Brooks, 2003). The
results from this study also show that the split tensile
strength of high-strength concrete is improved by up to
25% by the replacement of cement by EHC blended with
GGBS from the reference concrete mix, but reduced
when the replacement percent is increased to 30%. The
results show, the addition of GGBS 10% seems a favora-
ble way to improve the expired cement hydration, which
even possibly increases the split tensile strength.

3.4 Influence of EHC Blended with GGBS on Flexural
Strength of HSC

In this study, the test was performed for 28 days with
0%, 15%, 20%, 25%, and 30% of EHC blended with GGBS
added to the high-strength concrete as cement partial
replacement. As shown in Fig. 7, the flexural strength
development of 0%, 15%, 20%, 25% and 30% of EHC
blended with GGBS added to the high-strength con-
crete as partial replacement of cement was 5.62 MPa,
5.95 MPa, 6.29 MPa, 5.76 MPa, and 5.35 MPa, respec-
tively. The normal-weight concrete flexural strength is

Average Flexural Strength for all Mix Proportion
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Fig. 7 Flexural strength test result




Chofore et al. Int J Concr Struct Mater (2022) 16:70

frequently estimated as 0.7 up to 0.8 times the square
root of the compressive strength in megaPascal (MPa)
(Kosmatka et al., 2008). Henceforth, all the above flexural
strength test results fulfill the requirements of the C-40
grade concrete requirement (that is equal or higher than
5.59 MPa), except the one with 30% EHC blended with
GGBS replacement.

In the study conducted by (Dave et al, 2017), they
observed that SCMs appeared to have a noticeable
influence (namely positively and negatively) on flexural
strength. Therefore, the result of this study also reveals
that the rate of flexural strength development is posi-
tively and negatively influenced with and without SCMs
(namely EHC blended with GGBS). The positive influ-
ence results are that 15% EHC blended with GGBS con-
crete improved by 0.37 MPa or 6.58% from 0% (control
mix concrete), 20% EHC blended with GGBS improved
by 0.67 MPa or 11.92% from control, and 25% EHC
blended with GGBS improved by 0.14 MPa or 2.50%
from control; whereas, negative influence result was
achieved in the mix with 30% EHC blended with GGBS
replacement and the reduction with 0.27 MPa or 4.80%
from 0% or control mix. Like compressive strength, MR2
(20% replacement of EHC with GGBS) shows higher flex-
ural strength with a 11.92% improvement than the con-
trol mix.

3.5 Influence of EHC Blended with GGBS on Bond of HSC

Table 6 clearly shows the inclusion of EHC blend with
GGBS in concrete improves the bond strength by up to
20%, besides lower the bond strength when blend con-
tent is increased to 25% and 30%. To be precise, at the
age of 28 days, the rate of bond strength improvement
of 0.70 MPa and 1.17 MPa is 15% and 20%, respectively.
Contrarily, the reduction in bond strength achieved at
25% and 30% of EHC blended with GGBS with a negative
0.06 MPa and 0.22 MPa, respectively. As specified and
defined by different scholars, splitting failure is charac-
terized by the splitting of the concrete specimen in a brit-
tle mode of failure, especially when both transverse and
longitudinal cracks are observed at failure (Ngugi et al.,

Fig. 8 Pullout test result: a crack pattern of specimen, and b
specimens after splitting
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Average water penetration depth of the optimum mixes

6
4.33

MCc (0%) MR1 (15%) MR2 (20%)
Fig. 9 Average water penetration depth of HSC
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2014; Qasim & Ahmed, 2018). Also, as shown in Fig. 8A
and observed after testing, the all-pull-out specimens
have failed by splitting after maximum load.

3.6 Influence of EHC Blended with GGBS on Water
Permeability of HSC

The reading from the 28-day water cured, 3-day water
pressure applied and split cylindrical specimen, the maxi-
mum and average water permeability, and the variation
in permeability through percentage replacement are
stipulated. Concrete permeability refers to the number
of transmittable fluids or water migration through con-
crete when the water is under pressure or to the ability
of concrete to resist penetration by water or other sub-
stances (liquid, gas, or ions) (Birhanu, 2007; Kosmatka
et al.,, 2008). Henceforward, for assessing the influence
related to durability due to the replacement of cement
by EHC blended with GGBS in HSC with different mix
proportions, a non-steady state water permeability test
was conducted. As presented in Fig. 9, the replacement
of cement by EHC blended with GGBS has a signifi-
cant influence on the water permeability of HSC. Sub-
sequently, the permeability depth of MR1 and MR2 was
reduced compared with control mix (MCc). This is due
to the addition of SCMs in concrete. Henceforward, the
permeability of concrete decreased with increasing the
percent replacement of cement by EHC blended with
GGBS. In the previous study, the same effect of SCMs’
inclusion in concrete is presented by (Majhi & Nayak,
2019) When GGBS is used, the depth of permeability of
concrete gradually decreases.

Neville and Brooks (2010) specify depth of penetration
and its relation with permeability. If water penetration
depth in the concrete is less than 50 mm, the concrete is
generally classified as impermeable; and if the penetra-
tion depth is less than 30 mm, it is classified as imper-
meable under aggressive conditions. Based on this, the
concrete produced using EHC blended with GGBS with
replacement up to 20% of OPC was that the maximum
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Table 6 Average bond stress of HSC
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S. no. Specimen mixcode  Nominal bar diameter Embedment length Maximum axial load, P,,,  Average bond
(mm) (mm) (kN) stress, T(MPa)

1 MCc 16 200 73.77 7.34

2 MR1 16 200 80.86 8.04

3 MR2 16 200 85.52 851

4 MR3 16 200 73.16 7.28

5 MR4 16 200 71.55 7.2

Table 7 The average and maximum water penetration depth of
the optimum mixes

S.no. Mix code and percentage Penetration depth(mm)
replacement
Maximum Average
1 MCc (0%) 10 8
2 MR1 (15%) 9 6
3 MR2 (20%) 7 433

water penetration depth of concrete up to 20% replace-
ment is less than 30 mm, which is 10 mm as shown in
Tables 6 and 7, since the high-strength concrete pro-
duced by using EHC blended with GGBS was imperme-
able under aggressive conditions.

Moreover, the other researchers stated the durability of
concrete as a function of permeability, and high strength
and low permeability are linked to one another because
high strength requires a low volume of pores (Awol, 2011).
As water represents the most important liquid among
those penetrating through concrete, improvement in the
impermeability of concrete to water implies improvement
in the durability of concrete. Henceforth, the durability
of concrete up to 20% replacement of EHC blended with
GGBS improves water penetration (durability) of HSC.
This reduction in water depth indicates the formation of
fewer pores in concrete and may be attributed to the filling
of concrete void spaces by the fines of GGBS. Once voids
are occupied, concrete becomes compact, leaving no space
for water to penetrate.

BED" PC-std 10 kY,

43
oy 0% 021 ‘High-vac.

Fig. 10 SEM image of row control mix (100% OPC) at different magnification rate a at magnification rate 50um, and b at magnification rate 5 ym

e s

7, ]
.ﬁsmmzﬂm

-u.l SO e f 1) 8
Fig. 11 SEM image of row MR2 mix (80% OPC and 20% EHC blended with GGBS) at dlfferent magnlﬁcatlon rate a at magnification rate 50pm, and
b at magnification rate 5 pm
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3.7 Influence of EHC Blended with GGBS on Microstructure
of HSC

3.7.1 Scanning Electron Microscopy (SEM)

Concrete paste samples SEM micrographs are taken in order
to study the different hydration products arrangements such
as calcium hydroxide, CSH gel, and un-hydrated cement or
expired hardened cement or GGBS particles inside the con-
crete paste sample. A sample for SEM was taken from com-
pressive strength tests performed, and a sample from control
mix and optimum replacement was taken to conduct micro-
structure tests on concrete.

Figs. 10A and 11A clearly show the void space of the
hydrated particles, but their extent is different at the
same magnification rate. When we realize from control
mix Fig. 10A, the large void space of hydrated particles is
observed, whereas in Fig. 11A mix with 20% SCMs, the
extent of void is lower than that of control. This shows the
inclusion of EHC blended with GGBS in concrete fills the
void between hydrated particles and proves densification of
the microstructure. Other scholars have noted the same find-
ings. Previous studies on the filling effect of SCMs showed
that the filler action involves incorporating supplementary
materials that are finer than the OPC, so that these occupy
small pores previously left vacant. Moreover, they also lead
to the densification of the microstructure and increase com-
pressive strength (Dave et al., 2017).

Then again, in Figs. 10B and 11B, we clearly realize the
bond between hydrated particles. The control concrete
mix shown in Fig. 10B is less bonded or little pores are rec-
ognized, while in Fig. 11B the concrete containing those
blends is closely packed and improves the bond between
the hydrated particles. Moreover, Fig. 11B shows the com-
pact microstructure of the concrete sample as compared to
that of the Fig. 10B sample, mostly due to the filling effect
of the fine un-hydrated particles of GGBS. The results from
Yening et al. (2019) deeply certified that the hydrating activi-
ties of expired cement and filling effects of aged SCMs, and
the blending of aged SF and SG successfully replaced an
equivalent amount of expired cement without impacting the
microstructure, which might reveal the potential of expired
cement as a kind of supplementary material. (Yening et al,,
2019).

Table 8 Average UPV test result for cylinder sample
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Once hydration process is formed the C-S-H gel fill the
pores and prevents permeability which makes the con-
crete durable. Besides, the overall microstructure is very
compact, i.e., the hydrated particles are all connected and
the overall pore size in the microstructure is exception-
ally reduced. Above and beyond, in the existence of EHC
blended with GGBS, a very dense matrix is seen, which
shows its effectiveness over OPC. The presence of finely
grounded pozzolanic materials leads to the densifica-
tion of the microstructure and, as a result, the concrete
strength, bond, and durability are improved.

3.8 Influence of EHC Blended with GGBS on the Ultrasonic
Pulse Velocity of HSC

An ultrasonic pulse velocity (UPV) for concrete is gen-
erally prepared to check the concrete quality by deter-
mining an ultrasonic pulse velocity passing through the
structure of concrete. And, the UPV value is used as an
indicator of the microstructure development of con-
crete (Biswas et al., 2021). Moreover, UPV determines
the homogeneity, strength, internal flows, trapped
air, cracks, segregation, honeycombing, workman-
ship, compaction, and durability of concrete. In this
test method, high velocity results notice the concrete
is good, whereas lower velocity notices the cracks and
voids.

Use of SCMs, such as GGBS, SF, MK, and FA, is help-
ful in increasing its resistance against penetration of
moisture content and making denser concrete struc-
tures (Dave et al., 2017). Hence, from Table 8, and
based on IS: 13311-part 1 (IS:, 13311-2002, 1992), UPV
test results of entirely the blends of EHC and GGBS
have revealed good to excellent velocity, which indi-
cates that the microstructure of concrete is denser and
increases moisture penetration resistance.

A study on the assessment of NDT in high-strength
concrete incorporating SCMs composites showed that
including SCMs in concrete has an influence on com-
pressive strength that is fairly correlated irrespective of
the ultrasonic pulse velocity (Khan, 2012). The results
of this study also reveal that the pulse velocity result is
correlated to compressive strength too. Therefore, the

Mix code Average pulse time (pusec), T Length of cube (mm), L UPV (mm/psec) Concrete quality
V=L/T based on1S: 13311-

part 1

MCc 46.7 200 428 Good

MR1 445 200 450 Excellent

MR2 442 200 452 Excellent

MR3 46.1 200 433 Good

MR4 46.8 200 427 Good
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introduction of EHC blended with GGBS into concrete
influences both the ultrasonic pulse velocity and com-
pressive strength in a similar way.

As described by Steven et al. (Kosmatka et al., 2008),
a non-distractive test program is probably carried out
for a range of purposes with regard to the hardened
concrete strength, including: in-place concrete strength
determination, monitoring concrete strength gain
rate, no homogeneity location, such as voids or honey-
combing in concrete, relative strength determination
of comparable members, concrete cracking evaluation
and delamination, damage from mechanical or chemi-
cal forces evaluation, location of steel reinforcement,
size, and corrosion activity and dimensions of member
(Kosmatka et al., 2008). Hence, all the factors listed are
directly or indirectly related to the strength, micro-
structure, bond, and durability of concrete. Likewise,
the result of UPV shows good and excellent, so the con-
crete containing EHC and GGBS, strength, microstruc-
ture, bond, and durability are also good and excellent.

4 Conclusion

The current study was conducted to investigate the influ-
ence of EHC blended with GGBS as a partial replacement
of cement on the bond, microstructure, and durability
of high-strength concrete. It was found that the blend-
ing of EHC and GGBS successfully replaced an equiva-
lent amount of cement up to a 25% replacement without
impacting the microstructure, which might reveal the
potential of the EHC blend with GGBS as a kind of SCM.
Therefore, it is possible to conclude that:

1. The compressive strength of OPC by EHC blended
with GGBS concrete increases with the addition
of those bled up to 25%, and the improvement in
strength indicates that the pozzolans are more effec-
tive. Moreover, the result from both the 7th day and
28th day compressive strength tells us that there
are positive and negative increments of the target
mean strength. The optimum mix, MR2, with 20%
replacement of OPC by EHC blended with GGBS,
has shown 15.55% and 12.85% higher compressive
strength than the control mixes on the 7th day and
28th day of cured HSC, respectively.

2. The results from flexural and split tensile strength of
HSC also show that the sound improved up to 25% by
replacement of cement by EHC blended with GGBS
from the reference concrete mix, whereas a reduc-
tion in strength was achieved in MR4 mixes from
the control mix. Henceforth, all flexural and splitting
tensile strength test results fulfill the requirements of
the C-40 grade concrete requirement, except the one
with 30% EHC blended with GGBS replacement.
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3. The inclusion of the EHC blend with GGBS in con-
crete failed by splitting, and improvement and reduc-
tion of the bond strength were achieved; improvement
of up to 20% was achieved, besides lowering the bond
strength when the blend content was increased to 25%
and 30% at the age of 28 days. Moreover, with a percent
of bond strength improvement of 9.54% and 15.94%,
respectively, Contrarily, the reduction in bond strength
achieved at 25% and 30% of EHC blended with GGBS
with a negative percent reduction was 0.82% and 2.99%,
respectively.

4. In all cases, the water permeability of EHC blended
with GGBS concrete has shown acceptable results.
With an increase in the percentage of SCMs on the
28th day, water permeability in concrete decreases
due to the higher surface area of the cementitious
material used in the binder. This points out that the
inclusion of EHC blended with GGBS in HSC makes
it more durable as compared to plain concrete.

5. The overall microstructure of the control specimen is
densely precipitated, but a couple of pores are notice-
able; whereas, in a mix with 20% SCMs, the extent of
void is lower than that of control. This shows the inclu-
sion of EHC blended with GGBS in concrete fills the
void between hydrated particles and proves densifica-
tion of the microstructure. This leads to a higher den-
sity of the concrete in the microstructure, and thus the
strength, bond, and durability improve.

6. The ultrasonic pulse velocity results show that on all
mixtures of SCMs, such as EHC and GGBS, the con-
crete microstructure is denser and helpful in increas-
ing its resistance against moisture content penetration.
Henceforth, all the combinations have shown good to
excellent velocity, which indicates that the utilization of
EHC blended with GGBS makes the concrete structure
denser and increases its resistance against moisture
penetration. The result of introducing EHC blended
with GGBS reveals that the pulse velocity result is cor-
related to strength bond and durability too.

7. Based on the test results, the optimum mixes in all
strength and durability aspects of concrete were mix
MR?2 with a mix proportion of 20% as partial replace-
ment to cement by EHC blended with GGBS. Hence,
employment of EHC blended with GGBS in HSC could
be the best replacement for cement, and would help in
decreasing the load on natural resources and support-
ing the utilization of waste materials in construction.

Appendix
See Tables 9 and 10
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Sieve Analysis and Fineness Modules of Aggregate

Table 9 Sieve analysis of coarse aggregate
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Sieve size Weight of Weight of sieve and  Weight of Percentage Cumulative Cumulative Specification
sieve (gm) retained (gm) retained (gm) retained (%) retained (%) passing (%) limit ASTM

C33

25mm 1090 1090 0 - - 100 100

19 mm 1230 1380 150 7.5 75 92.5 90-100

125 mm 1210 2200 990 49.5 57 43 40-85

9.5 mm 1140 1570 430 21.5 785 215 10-40

4.75mm 1240 1670 430 21.5 100 0 0-15

Pan 990 990 0 - - - 0-5

Total 2000 243

Table 10 Sieve and fineness modulus of fine aggregate

Sieve size Weight of Weight of sieve and  Weight of Percentage Cumulative Cumulative Specification

sieve (gm) retained (gm) retained (gm) retained (%) retained (%) passing (%) limit ASTM

C33

9.5 mm 1140 1140 0 - - 100 100

4.75 mm 1240 1240 0 - - 100 95-100

236 mm 1160 1210 50 10 10 90 80-100

1.18 mm 1050 1099 49 9.8 19.8 80.2 50-85

600 pm 1020 1167 147 294 49.2 50.8 25-60

300 pm 900 1065 165 33 82.2 17.8 5-30

Pan 990 1078 88 17.6 99.8 0.2 0-10

9.5 mm 1140 1140 0 - - 100 100

Total 499 261

Fineness modulus(FM) = >_ Cumulative retained Dr. Bahiru Bewket Mitike is Assistant professor at Adama Science & Technology

243 100 ’ University, Department of civil Engineering, Adama, 1888, Ethiopia.
M = 100 — 2.43. Abenezer Tariku Haile is Lecturer, at College of Architecture and Civil Engineer-
Fi dulus = >~ Cumulative retained ing, Addis Ababa Science and Technology University (AASTU), Addis Ababa,
1n266111€SS modulus = 100 ’ Ethiopia.
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