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Research Article

Chemical resistance of hardened mortar containing andesite

and marble industry waste powder

Ismail Isa Atabey * @, Serhat Celikten ? (2, Mehmet Canbaz®

? Department of Civil Engineering, Nevsehir Hact Bektas Veli University, 50300 Nevsehir, Tiirkiye
> Department of Civil Engineering, Eskisehir Osmangazi University, 26480 Eskisehir, Tiirkiye

ABSTRACT

ARTICLE INFO

The sludge generated during forming processes of marble and andesite rocks is kept
in dust form after drying. Due to the high consumption of andesite and marble, the
storage and health problems of these dusts arise. Therefore, reducing the environ-
mental impacts of waste and recovering them for the economy is an important issue.
For this purpose, in this work, mortar specimens were manufactured using 0%, 5%,
10%, 15% and 20% of waste marble and andesite powders separately by Portland
cement. Strength properties of the samples were investigated before and after im-
mersion to the hydrochloric acid (HCI), sodium sulfate (Na2S04) and magnesium sul-
fate (MgS04) solutions. The results indicated that partial substitution of Portland ce-
ment by andesite and marble powder up to 10% have positive influence on the me-
chanical properties of the mortars at ambient conditions. In addition, the andesite
incorporated mortars have the better performance under the acid and sulfate envi-
ronments than the other mortars. On the other hand, substitution of Portland cement
by marble powder more than 5% has negative influence on the chemical resistance
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of the mortars.

1. Introduction

Greenhouse gases along with the natural resources is-
sue are important role on the sustainable development of
construction industry. Construction industry is research-
ing for the utilization of substitute alternatives for cement
manufacture. In the last decades, there are studies focused
on substitution of cement with several wastes such as fly
ash, blast furnace slag, rice husk ash, and etc. (Rana et al.
2015; Naik 2008). The CO2z emission originated from the
cement manufacture may also be limited by restricting it
with such wastes (Yang etal. 2015; Rana et al. 2015).

Approximately, 7 million tons of natural rock is pro-
cessed in Turkey for each year, 75% of which is formed
at five thousand quarries. Andesite is a type and subtype
volcanic and magmatic rock, respectively. Andesite is
employed for several architectural and civil engineering
applications in Turkey as well as in other countries (Sari-
isiketal. 2011; Davraz et al. 2018). Powder and sand are

disposed as by products during polishing and cutting
processes of rocks for several aims. A large-scale ande-
site manufacture generates vast amount of waste pow-
der; nearly one quarter of the andesite and marble is dis-
charged during polishing, cutting, mining and other ap-
plications. Discharge of andesite and marble processing
waste powder into the environment can lead to signifi-
cant health and environmental problems (Sogancioglu et
al. 2013; Davraz et al. 2018; Ashish 2019; Sarkar et al.
2006). Recovery of waste natural stones in exchange for
cement raw materials may cause to significant energy
savings processes required for the manufacturing of the
final product (Ismail and Ramli 2013; Rana et al. 2015).

The utilization of pozzolans and several admixtures in
cementitious composites is a common option for many
years (Kara and Arslan 2020). They are employed in con-
cretes, mortars, cements, in the production of structural
elements, and combined with other materials such as
Portland cement, sand, and lime. Additionally, some al-
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ternative sources may have pozzolanic reactivity. Effects
of these materials as pozzolanic materials and for im-
provement of mechanical performance are depending on
their pozzolanic activity. The activity can be identified as
the reaction performance of SiOz available in the poten-
tial material reacting with Ca(OH), resulting in second-
ary C-S-H gels. Andesite powder is a SiO2-rich waste, and
so it may have pozzolanic activity. Despite all the work
about the application fields and natural abundance of an-
desite, its use as natural pozzolan and its pozzolanic ac-
tivity in mortar or concrete are not well established. (Ha-
midi et al. 2013; Davraz et al. 2018)

Sulfate attack is one of the most detrimental effects on
the endurance of building materials. After the sulfate expo-
sure, expansion, cracking, and spalling are observed on the
cement-based materials (Chindaprasirt et al. 2007; Col-
lepardi 2003; Sancak and Ozkan 2015) Sulfate attack oc-
curs in cement-based materials when the materials are in
touch with a source of sulfate ions, which can be rainwater,
soil or groundwater. Sulfate attack manifests itself by spall-
ing and cracking of concrete caused by dilatation and de-
crease in mechanical performance. The durability of ce-
ment-based materials to sulfate effect is influenced by var-
ious factors, such as water absorption and permeability.
(Shanahan and Zayed 2007; Sancak and Ozkan 2015).

Durability to acid attack is an important environmen-
tal effect for building materials employed in structural
components. Acid attack is generally originated from
several industrial processes and other related applica-
tions (Selim et al. 2020). It has been stated that hydrated
and unhydrated cement phases are decomposed after
subjecting to acid attack. Besides, the damage of attack
depends primarily on concentration of acid as well as du-
ration of the attack. Acid effect mechanism includes gen-
erally pore expanding bringing about porosity and hence
a decline in strength of the exposed building material
(Selim et al. 2020; Chi and Stegeman 2000; Beddoe and
Dorner 2005; Celikten 2021).

There are many studies performed regarding substi-
tuting marble dusts for cement in cement-based compo-
sites. (Yamanel et al. 2019; Ashish 2019; Rana et al.
2015; Selim et al. 2020; Singh et al. 2017; Rashwan et al.
2020; Ghorbani et al. 2020; Khodabakhshian et al. 2018;
Zhang et al. 2020, Khyaliya et al. 2017; Ergiin 2011).
There is a variation in the durability and mechanical per-
formance towards the marble dust incorporation. Liter-
ature review has identified a few previous studies on the
use of andesite powder in mortar/concrete manufacture
(Hamidi et al. 2013; Davraz et al. 2018; Sariisik et al.
2011). Pozzolanic effect of mortar containing andesite
powder is reported but the literature on this issue is gen-
erally quite limited. Besides, the evaluation of the dura-
bility properties of the andesite powder incorporated ce-
mentitious composites and comparison of their perfor-
mance with the plain composites is important.

Acid and sulfate attack on marble powder-based mor-
tars or other cement-based composites has previously
been evaluated using mixes modified with waste marble
powder. In order to encourage the recovery of waste an-
desite, this research aimed to determine and compare
the resistance of globally studied marble powder-modi-
fied mixes with waste andesite-modified mixes under
the effect of chemical attacks of acid (HCI) and sulfate
(MgSO4 and NazSO4) solutions. Use of waste natural
stones powder in place of cement are carried out in liter-
ature. But the usage of andesite powder as substitution
material in cementitious composites did not take enough
attention; therefore, more study on the issue may attract
recycling andesite powder in the cementitious compo-
sites which could also help for protection of natural re-
sources. In this study, the blended cements manufac-
tured by using the waste andesite and marble powder
were subjected to acid and sulphate solution and the
mortars chemical resistance were investigated. Com-
pressive strength, flexural strength, hydrochloric acid
resistance, sodium sulfate and magnesium sulfate re-
sistance of cement mortar containing andesite and mar-
ble powder were investigated.

2. Materials
2.1. Cement

Ordinary Portland cement produced by Eskisehir Ce-
ment Factory of grade CEM 1 42.5 R in compliance with
TS EN 197-1 (2012) was used in the mortars. The density
of the cement was 3.13 g/cm3. X-ray fluorescence results
of cement is given in Table 1.

2.2. Andesite and marble powder

Waste andesite powder (AP) and waste marble pow-
der (MP) were employed in the mortar mixtures. The
powders were taken from a quarry in Afyon city of Tur-
key. The density of AP and MP were 2.68 and 2.34
g/cm3, respectively. Before using AP and MP in mortar
mixtures, they were sieved from 125 pm sieve and dried
at 105°C. The chemical oxide compositions of AP and MP
are given in Table 1. Sieve analysis of AP and MP are pre-
sented in Table 2.

2.3. Sand

Standard sand (Rilem Cembureau) defined in TS EN
196-1 (TS EN 196-1 2009) was employed for mortar
mortar manufacture. The water absorption rate and dry
specific gravity of the sand were 0.57% and 2.63, re-
spectively. Sieve analysis of standard sand is given in
Table 3.

Table 1. Chemical oxide compositions of cement, andesite and marble powder.

Oxide Content, % CaO Si02 Al;03 Fe203 SO3 K20 Naz0 MgO LOI
Cement (PC) 62.87 19.91 5.31 3.23 3.27 0.64 0.29 1.88 2.6
Andesite Powder (AP) 6.32 57.82 19.24 5.87 0.22 2.88 3.14 1.87 1.8
Marble Powder (MP) 58.41 4.57 0.59 0.24 0.17 1.1 0.27 4.56 30.0
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Table 2. Sieve analysis of andesite and marble powder.

Sieve size, mm 0.125-0.090 0.090-0.062 0.062-0.012 0.012-0
AP, % 12 29 54 5
MP, % 8 24 61 7

Table 3. Sieve analysis of sand.
Sieve size, mm 2.00 1.60 1.00 0.50 0.16 0.08
Remaining on Sieve, % 0.0 3.2 32.6 68.8 87.2 99.6

3. Methodology

The andesite powder (AP) and marble powder (MP)
were utilized in the mortar mixtures as substitution ma-
terial by the Portland Cement (PC). In preparation of
binder paste, AP and MP were employed as a substitu-
tion material of cement in 0%, 5%, 10%, 15% and 20%
proportion by mass. The proportion of water (W) to total
binder content (W/AP+PC) or (W/MP+PC) ratio was 0.5
and sand to total cementitious material proportion of
content was 3. The amounts of materials used for the
production of mortar mixtures for three-cell mortar
mold (4x4x16 cm) are illustrated in Table 4. As seen on
the table, the mortar mixes were coded as the substitu-
tion of cement respectively. Moreover, the mixing pro-
cess of the mortars included the following steps. Water
and powder binder were poured to the case of Hobart
mixer and run at low running rate of 140 rpm for 30 sec.
After that, the sand was poured in the bowl in 30 sec.
Then, the mixture was mixed at high running rate 30 sec.
After high running rate, the mixture was kept waiting at
stopped condition for 90 sec. Then, the mixture was
mixed at high running rate of 280 rpm for 60 sec. Finally,
the mixture was casted into 4x4x16 cm molds after wait-
ing 15 sec. according the TS EN 196-1. After that, the
mixes were kept at standard curing conditions until the
day of testing. After curing process, mortar specimens
with the dimensions of 4x4x16 cm were extracted from
the molds to employ the several tests. Three specimens
were used for each test and the final results calculated
from averaging of results of three specimens.

Firstly, the unit weight values of the mortars were de-
termined in saturated dry surface conditions. Flexural
strength (FS) test was conducted on complying with TS
EN 1015-11 (TS EN 1015-11:2000) standard, using
three-point loading assembly on prismatic specimens
with 100 mm span distance between supports. After the
FS test, two samples of broken prisms were used to
measure the compressive strength (CS) (4x4 cm), com-
plying with TS EN 1015-11. Average of three prismatic
samples results were taken as FS value, and average of
six samples was taken as CS value. In addition, 6 speci-
mens for each mix were exposed to 5% MgS0s, 5%
Naz2S04 and HCI (pH=2) solutions for 90 and 180 days,
separately. The FS and CS tests were done on these spec-
imens before and after exposure to the solutions. 56 days
aged specimens were used for the FS and CS tests before
the immersion to determine the pozzolanic effects of the
AP and MP.

Table 4. Amounts of materials used in the mortars (g).

Mix PC MP AP Water Sand
PC 450.0 - - 225 1350
MP5 427.5 22.5 - 225 1350
MP10 405.0 45.0 - 225 1350
MP15 382.5 67.5 - 225 1350
MP20 360.0 90.0 - 225 1350
AP5 427.5 - 22.5 225 1350
AP10 405.0 - 45.0 225 1350
AP15 382.5 - 67.5 225 1350
AP20 360.0 - 90.0 225 1350

4. Results and Discussion
4.1. Unit weight

Unit weights of mortars are illustrated in Table 5. The
average unit weight value of PC mortars was 2.09. The
unit weights of AP and MP incorporated mortars were
ranged between 2.13 g/cm3and 2.21 g/cm3 and between
2.11 g/cm3 and 2.18 g/cm3 before immersion to acid or
sulfate solutions, respectively. The results show that the
hardened average unit weights of AP and MP incorpo-
rated mortars were up to 3% and 4% higher than the
unit weights of PC mortars before immersion to solu-
tions, respectively. The average unit weight of the MP in-
corporated mortars increased to about 2% and 3% after
immersion of the HCI solution for 90 and 180 days, re-
spectively. Due to the difference in the concentration of
the HCl, Na2S0s and MgSO4 solutions and the water in the
mortar, the unit weights of the mortars were increased
up to 4.2%, 6.1% and 7% after immersion of the solu-
tions, respectively. The increase in the unit weights of
the mortars with the solution immersion was compatible
with the density of the acid or sulfate solutions.

4.2. Flexural strength

The final flexural strength (FS) results in the mortars
are plotted in Figs. 1, 2 and 3. From the results, it could
be observed that both powder type and substitution
level of cement had important impacts on the final FS de-
velopment of the mortars. The FS values of mortar spec-
imens after acid solution exposure were compared rela-
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tive to the FS values of unexposed specimens. The FS val-
ues of AP and MP incorporated mortars after exposure
to 90 and 180 days HCl (pH=2%) solutions are illus-
trated in Fig 1. After the subjection of HCI solutions for
90 and 180 days, the MP incorporated mortars exhibited
the lowest FS values. After the immersion HCl solution
for 90 and 180 days the FS values of MP15 mortars were

decreased to almost 4.8% and 17.9%, respectively. Min-
imum FS reductions in all the mortars were determined
for AP15 coded mortars. After the immersion for 90 and
180 days, the FS values of AP15 mortars were decreased
to almost 0.3% and 6.1%, respectively. It's concluded
that the AP containing mortars performed better against
HCl acid attack than the other mortars.

Table 5. Unit weight values of the mortars (g/cm?).

Mortar Before HCI HCI Naz2S04 Naz2S04 MgS04 MgS04
mixtures immersion 90d 180d 90d 180d 90d 180d
PC 2.09 2.16 2.13 2.18 2.21 2.17 2.19
MP5 211 2.21 2.19 2.14 2.16 2.21 2.22
MP10 2.15 2.21 2.18 2.18 2.19 2.18 2.17
MP15 2.17 2.24 2.22 2.24 2.25 2.20 2.21
MP20 2.18 2.19 2.20 2.25 2.27 2.24 2.25
AP5 2.13 2.23 2.22 2.24 2.26 2.27 2.28
AP10 2.19 2.26 2.21 2.28 2.30 2.28 2.29
AP15 2.17 2.24 2.20 2.25 2.26 2.28 2.31
AP20 2.21 2.23 2.23 2.33 2.32 2.31 2.31
56 Days ®HCI, 90d ®HCI, 180d
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Fig. 1. Flexural strength of mortars exposed to HCI.

The final FS values of AP and MP incorporated mor-
tars mixtures after subjection to 5% Na2S04 solution for
90 days were in the ranges of 6.9-8.2 MPa and 8.1-9.1
MPa, respectively (Fig. 2). The final FS values of AP and
MP incorporated mortars after immersion for 180 days
were in the ranges of 6.6-8.0 MPa and 8.1-9.0 MPa, re-
spectively. The results indicated that relative to PC mor-
tar mixture, FS increased across all the periods up to
10% AP and MP ratios. FSs of mortars were enhanced
with the employment of MP/AP partially in place of ce-
ment with respect to PC mortar. When exposure to
NazS04 time increases from 90 days to 180 days, FSs of
all the mortars decreased due to degradation of cement
paste formation. Maximum FS loss was about 5.8% in
MP15 mortars subjected to Na2S04 solution for 180d.

The FS results of the mortars subjected to 5% MgS04
solution are represented in Fig. 3. The sulfate resistance
of the mortars was considered with respect to difference
in FS of specimens after immersion to 5% MgS04 solu-
tion for 90 and 180 days, separately. After the immersion

for 90 and 180 days, the FS values of PC mortars were
decreased to almost 0.5% and 3.0 %, respectively. FS val-
ues of MP mortars decreased between 2% and 3.5% af-
ter subjecting 5% MgSO4 solution for 90 days. At 180
days’ immersion, the strength losses increased and the
strength loss of MP-containing mortars was between 4%
and 13%. As for the mortars containing andesite, lower
strength values compared to PC mortars under the influ-
ence of MgS04 for 90 days were only seen in mortars
with code AP20. After immersion of 180 days, FS loss
was observed between 1.8% and 5.9% in other mortars
except AP15. FS loss was not observed in AP15 coded
mortars under the influence of MgS04 for 90 or 180 days.
In general, FS values of AP modified mortars better than
MP modified mortars under the 5% MgSO0a4 attack for 90
and 180 days. The better performance of the AP-incor-
porated mortars in the acid and sulfate solutions can be
attributed to the pozzolanic activity of the AP. The poz-
zolanic activity of the AP was also reported in a previous
work (Hamidi et al. 2013; Davraz et al. 2018).
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Fig. 3. Flexural strength of mortars exposed to MgSOa.

4.3. Compressive strength

The compressive strength (CS) values of mortars after
exposure to HCl, NazSO4 and MgSO4 solutions are pre-
sented in Figs. 4, 5 and 6, respectively. The highest CS
values was obtained from the AP10-coded mortars be-
fore exposure to the solutions. Besides, except for the
MP20, the CSs of all the AP or MP incorporated mortars
had higher CS than the PC mortar. The positive effect of
AP (Hamidi et al. 2013; Davraz et al. 2018) and MP (Ya-
manel et al. 2019; Ashish 2019) on the CS of the Portland
cement-based mortars was also reported in previous
works. The acid durability of the mortars was deter-
mined with respect to change in CS of mortar samples af-
ter immersion to HCl solution for 90 and 180 days, sepa-
rately. Fig. 4 illustrates the initial and final CS results of
the mortars after exposure to the HCI solution. The CS
results of PC mortars after 90- and 180-days immersion
in 5% HCl acid solution were 46.4 and 40.3 MPa, respec-
tively. Initial CS value of PC mortar was 49.3 before im-
mersion to solution. The highest CS values were ob-
served on the MP incorporated mortars for MP5 as 48.6-
45.0 MPa and on the AP modified mortars for AP10 as
58.9-52.2 MPa after subjection for 90 and 180 days’, re-
spectively. Minimum CS loss was about 10.6% in AP5
mortars after exposure to HCI-180d. Selim et al. (2020)
studied the sulfuric and acetic acid resistances of marble
dust incorporated Portland cement pastes. Their results

showed that 5% replacement of MP by cement improved
the acid resistance of pastes. However, replacement of
marble dust by Portland cement at high levels of 15%
and 20% decreased the acid resistance of pastes, signifi-
cantly. These findings are compatible with this present
work. The worse acid resistance of MP15 and MP20 mor-
tars with respect to the PC and MP5 mortars can be at-
tributed to the filler effect of MP and its low pozzolanic
activity.

The residual CS of the mortars after immersion to 5%
NazS0s solution are shown in the Fig. 5. The final CS val-
ues of MP and AP mortars were in the ranges of 46.4-57
MPa and 56.1-69.4 after subjection to Na2S0s solution
for 90 days. After exposure for 180 days, average values
of the MP and AP incorporated mortars were decreased
between 9.1 MPa and 5.8 MPa in comparison with the
values calculated after 90 days’ immersion. The maxi-
mum final CS values of 57.0 and 69.4 MPa were observed
on the mortar mixtures manufactured as the MP10 and
AP10 in all the series for 90 days, respectively. The en-
hanced durability may be attributed to the decline of
Ca(OH):z (Portlandite) formed as a result of the hydration
of cement because of the decrement in cement content
by substitution. Therefore, the amount of gypsum oc-
curred from the reaction between sulfates and the Port-
landite declined, and consequently the ettringite for-
mation, the reason for volume deterioration and expan-
sion, is controlled (Rashwan et al. 2020). The highest CS
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value of 61.2 MPa was achieved on the AP10 mortars af-
ter subjection to NazS04 solution for 180 days. Besides,
increase in the waste powder ratio had negative influence
on the final CS of the mortar mixtures as reported for the
results in sulfate environment after %10 ratio. The low-
est residual final CS of 39.5 MPa was calculated for the
MP20 after subjection to Na2S04 solution for 180 days.
The initial and final CS values of the mortars after sub-
jection in 5% MgS0a4 solution for 90 and 180 days are il-
lustrated in the Fig. 6. While the lowest final CS of 36.4
MPa was seen on the MP20 mortars after immersion to

the solution for 180 days, the highest CS of 62.9 MPa was
obtained on the AP10 mortars at same condition. AP mor-
tars had superior performance under the MgSO4 attack
than the PC and MP mortars. Previous studies reported
that reducing the content of Ca(OH)z in Portland-cement-
based composites by incorporating various pozzolans can
improve the MgSO4 durability of these composites and re-
duce softening of C-S-H gel and the degree of attack
(Zhang et al. 2020). The better durability performance of
the AP incorporated mortars indicated that AP had con-
siderable pozzolanic activity in addition to its filler effect.
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Fig. 4. Compressive strength of mortars exposed to HCL
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5. Conclusions

e Utilization of AP and MP as substitution material for
cement may contribute to reduce CO2 emission by re-
ducing cement consumption. Thus, it can help to con-
serve the environment.

e The most suitable replacement ratios for concretes
containing MP and AP exposed to environmental con-
ditions were determined as 5% and 10%, respec-
tively.

e The strength development of mortar was affected by
the level of cement replacement with AP. AP content
greater than or equal to 10% is beneficial to the com-
pressive strength of mortar, whereas the flexural
strength significantly increases up to an AP content of
15% and begins to decrease at an AP content of 20%.

o The substitution of AP with PC up to 10% enhanced
the acid and sulfate durability of the mortars, signifi-
cantly.

e Substitution of MP by PC up to 15% increased the me-
chanical properties of mortars at ambient conditions.
However, incorporation of MP in PC mortars had neg-
ative effect on the durability properties of the mor-
tars. These states indicated that MP had only filler ef-
fect on the mortars with very low pozzolanic effect.

e HCI solution had more detrimental influence on the
mortars than the sulfate solutions. The CS loss of mor-
tars was in the range of 18% and 47% after immer-
sion of 180d in HCI solution. The CS losses of mortars
was in the ranges of 3-25% and 2-25% after immer-
sion of 180d in Na2S04+ and MgSO0+ solutions, respec-
tively.

The utilization of AP up to 20% substitution for ce-
ment is recommended for mortar production in respect
of waste elimination. Besides, use of AP by cement is rec-
ommended in mortars subjected to hazardous environ-
mental impacts.
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ABSTRACT

ARTICLE INFO

The growing concern over the significant ecological changes requires sustainable de-
velopments in all fields. Concrete production is one of the largest consumers of nat-
ural resources as it consumes a huge volume of natural fine and coarse aggregates,
which constitute 70% - 80% of the concrete volume. It is evident that such large
amount of concrete production in the growing construction industry puts significant
impact on the use of natural resources and the environment. Hence, investigating the
use of recycled materials to replace the finite natural resources became evident and
is the focus of researchers. In this research, the use of waste crushed bricks (CB), and
crushed recycled concrete (CRC) as a partial replacement of fine and coarse aggre-
gates in concrete was studied. The replacement ratios of 10%, 50%, and 100% by
weight of either fine or coarse aggregates were used. Eight concrete mixes with 168
specimens were tested for compressive, splitting tensile as well as, flexural strength.
All tests were carried out atages of 7, 28 and 56 days. The results indicated that there
is a feasibility of using bricks and concrete wastes in concrete mix as a partial re-
placement of course and fine aggregates. It is deduced that a 50% replacement ratio
of coarse aggregate with crushed concrete resulted in a 30%, 25%, and 23% increase
in compressive, tensile, and flexural strengths, respectively. While 50% replacement
ratio of fine aggregate with crushed bricks resulted in a 23%, 28%, and 19% increase
in compressive, tensile, and flexural strengths, respectively. The most effective mix
was at 50% replacement ratio of coarse aggregate with crushed concrete in combi-
nation with 50% replacement ratio of fine aggregate with crushed bricks. The results
of this mix showed 32%, 28%, 26% increase in compressive, tensile, and flexural
strengths, respectively.
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1. Introduction

Concrete is a composite material composed of aggre-
gates, chemically bound together by hydrated Portland
cement. These aggregates strongly influence concrete's
freshly mixed and hardened properties, mix proportions,
and economy (Sajan et al. 2022; Francesco etal. 2021).

In the last decade, amount of construction waste has
considerably increased due to the demolition of old
structures (Kirthika et al. 2022). With the growing new
construction and re-construction of buildings to im-

prove the living standard, the reserves of natural aggre-
gates depleted rapidly (Mohamed et al. 2021). Hence, so-
cial, and environmental pressures have driven the use of
recycled wastes to partially replace the natural re-
sources (Maciej et al. 2023). The application of recycled
concrete aggregate has sometimes remained limited to
low valued purposes such as road base materials due to
the unstable supply of the waste to the recycling facilities
and the fact that the recycling techniques was not satis-
factory to produce a good quality recycled waste (Dang
etal. 2020; Kazemian et al. 2019).
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With the improvement of the recycling techniques,
the use of recycled materials has become the focus of re-
searchers as a viable replacement of natural resources
(Abdulkadir et al. 2020; Zheng et al. 2018).

Many researchers concluded that recycled materials
can be used as aggregates in new concrete, which offer a
viable route to convert the waste to a valuable resource
(Yang 2018; Pan et al. 2020). Shruthi (2018) studied the
effect of using crushed brick powder as a partial replace-
ment of sand on the properties of concrete. They con-
cluded that the maximum compressive strength is ob-
tained when 40% of brick powder was replaced with fine
aggregate.

The effect of different types of recycled concrete ag-
gregates (RCAs) on the equivalent concrete strength and
drying shrinkage properties was analyzed by (Memon et
al. 2022). Their conducted test results showed that the
concrete with RCAs exhibited compressive strength,
modulus of elasticity, and flexural strength values equiv-
alent, within 2% variation, to those values of the com-
panion natural aggregate concrete.

Tiwari et al. (2016) studied replacement of recycled
coarse aggregates with natural coarse aggregates in con-
crete by ratios of 0%, 50% and 100%. They found an in-
crease of compressive strength by 27%, and 34% at
50%, and 100% replacement ratios, respectively.

According to the investigation made by Siva et al.
(2017) of replacing varying percentage of fine aggre-
gates by crushed spent fire bricks with varying percent-
age of 10%, 15%, 20% & 25% and optimum percentage
of replacements is made and strength and workability
parameters are studied. The workability of concrete gets
decreased with the addition of the crushed spent bricks,
and the maximum strength was gained at 20% replace-
ment ratio compared to conventional concrete.

On the other hand, there are several studies stated re-
duction in concrete strengths incorporating crushed
brick (CB) as a replacement of the natural fine aggregate
(NFA) or crushed recycled concrete (CRC) as a replace-
ment of natural coarse aggregate (NCA) (Cuesta et al.
2022; Tamashiro et al. 2022). Even in full scale rein-
forced concrete elements, when Mahdi et al investigated
the effect of using concrete mix with 100% recycled con-
crete aggregate, they found that ultimate flexural

strength decreased with higher deflection correspond-
ing to that of natural aggregates (Mahdi et al. 2023).
The present research focused on the use of CB and
CRC as an alternative solution for natural fine and coarse
aggregates with the aim of adding to the knowledge in
this filed which may lead to a more confidence in using
of recycled building materials. The effect of using differ-
ent percentages CB and CRC as replacement for the fine
and coarse aggregate in the concrete mix was experi-
mentally investigated and the optimum percentage of re-
placement that results in the best possible mechanical
properties of produced concrete was proposed.

2. Experimental Program

The experimental program of the present research
consisted of testing eight concrete mixes with different
percentages of replacement materials namely: 0% (con-
trol mix), 10%, 50%, and 100% for each of CB as fine ag-
gregates and CRC as coarse aggregates. Three mixes con-
taining fine aggregates substitutions, other three mixes
containing coarse aggregates substitutions. While the
last mix containing both fine and coarse aggregates sub-
stitutions by equal percentages of 50%. A total of 168
specimens were cast and tested for compressive, split-
ting tensile as well as, flexural strengths. All tests were
conducted in this study were according to American
Standard Specifications for Testing and Materials
(ASTM).

2.1. Materials

Different materials were used in the present experi-
mental program; natural fine aggregates (NFA), coarse
aggregates, cement, crushed bricks (CB), and crushed re-
cycled concrete (CRC).

2.1.1. Cement

CEM Type I normal Portland cement was used with a
specific gravity of 3.15. The cement specifications are ac-
cording to ASTM C150/2007, and presented in Tables 1
and 2.

Table 1. Chemical composition of cement (OPC-CEM I).

Chemical

. SIO: AL03
composition

Fe203 Ca0 MgO

SO3 Naz0 K20 TiO2 P20: LOI

0.pP.C 20.1% 4.9% 2.5% 65% 3.1%

2.3% 0.2% 0.4% 0.21% <0.9% 2.4%

Table 2. Physical properties of cement (OPC-CEM I).

Property Test results Specification limits
Fineness in terms of specific surface area (cm2/gm) 3120 > 2500
Initial setting time (min.) 100 > 45
Final setting time (hrs.) 5.0 <10
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2.1.2. Natural fine aggregates

Table 3. Grading of the used fine aggregates.

Natural siliceous river sand (NS) with a fineness mod- Sievesize  Grading Specification limits
ulus of 2.7, a saturated surface dry specific gravity of 2.6. (mm) o passing (ASTM C33) % passing
Itis grading is shown in Table 3 and Fig. 1. 4.75 100 95-100
2.1.3. Crushed brick (CB) as fine aggregate replacement 236 97:40 80-100

1.18 88.90 50-85

The used crushed bricks had fineness modulus of 2.5, WG S8 _—
specific gravity of 2.65 and absorption of 1.8 percent. It ' '
was prepared by crushing bricks and then controlled to 0.31 22.18 5-30
have the same grading of the corresponding natural fine Ll e Qi
aggregates (sand).
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Fig. 1. Grading of the used fine aggregates.

2.1.4. Coarse aggregates

Natural dolomite from Gabal Ataa in Suez area was
used as coarse aggregate. The dolomite has a nominal
maximum size of about 14 mm. It was washed carefully
before mixing to remove any impurities and organic
matter which may weaken its bond with the cement
paste, also it was immersed in water for about 24 hours,
then dried in the air for another 24 hours to reach the
saturated and surface dry condition. Grading of the used
dolomite is shown in Table 4 and Fig. 2.

2.1.5. Crushed recycled concrete as coarse aggregate
replacement

Crushed recycled concrete was collected from old
concrete samples in laboratory. It was controlled to max-
imum nominal size of 14 mm and prepared carefully to
be saturated surface dry condition. In addition, its grad-
ing was controlled to be as same as that of dolomite
coarse aggregates.

The physical properties tests of the four types of ag-
gregates were conducted according to ASTM standards,
and their results are shown in Table 5.

Table 4. Grading of the used coarse aggregates.

Sieve size Grading Specification limits

(mm) % passing (ASTM C33) % passing
20 100 100
14 100 90-100
10 70 40-70

4.75 5.3 0.0-15

2.36 0.0 0.0-5

2.1.6. Water

Ordinary tap water was used in the present research,
with cement /water ratio of 0.45.

2.2. Mix design and preparation

The mix design was done in accordance with ACI 211
using the absolute volume method. The W/C ratio was
kept constant at 0.45 for all mixes. Eight concrete mixes
were prepared with cement content of 400 kg/m3 in the
current research. The first mix (Mc) represents the con-
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trol mix with natural fine and coarse aggregates. The
other three mixes represent the mixes with CB as a par-
tial replacement of sand by ratios of (10, 50, and 100) %.
The followed three mixes represents the mixes with CRC
replacing the dolomite coarse aggregates by different
percentages of 10, 50, and 100%. Based on the compres-
sive strength results of the previous mixes, the last mix

was designed to indicate the best possible replacing ra-
tios of CB and CRC in concrete mixes. It represents the
mix which contain both replacing materials: 50% of sand
aggregate was replaced with CB, and 50% of dolomite
coarse aggregate was replaced with CRC. Table 6 shows
the details of the mix for each of the eight mixes.
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Fig. 2. Grading of the used coarse aggregates.
Table 5. Physical properties of aggregates.
. Volume weight (t/m3) Specific gravity . 0 o . .
Properties ASTM C29 ASTM C172 Void Ratio % % Absorption Fineness modulus
NS 1.73 2.6 33.46 2.00 2.7
Fine aggregate
CB 1.50 2.5 40.00 5.60 2.5
CD 1.60 2.7 40.60 1.80 6.2
Coarse aggregate
CRC 1.90 2.7 23.00 0.95 5.5
Table 6. Composition of the concrete mixes (m3).
Mix NS CD CB CRC Cement W
designation (kg/m?3) (kg/m?3) (kg/m?3) (kg/m?3) (kg/m3)
Mc 624 1248 0 0 400 0.45
M (10%B) 561.5 1248 62.5 0 400 0.45
M (s0%B) 312 1248 312 0 400 0.45
M100% B) 0 1248 624 0 400 0.45
M (10% R 624 1123 0 125 400 0.45
M (50% R 624 624 0 624 400 0.45
M (100% R) 624 0 0 1248 400 0.45
M (50% B+50%R) 312 624 312 624 400 0.45
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2.3. Test specimens

Cubes of dimensions 100 mm were used to determine
the compressive strength, cylinders of dimensions 150x
300 mm were used to determine indirect tensile
strength (splitting test), and beams of dimensions
100x100x500 mm were used to determine the flexural
strength. The concrete mechanical properties were de-
termined at 7, 28, and 56 days after cast of the test spec-
imens. Fig. 3 shows the test specimen during casting.

The specimens were de-molded 24 hours after the
casting, and then were cured in water for 7, 28 and 56

days till the time of testing. Three samples were cast for
every single test parameter and the average of obtained
test results has been recorded. A total of 168 test speci-
mens were tested in the present research.

3. Results and Discussion
Table 7 shows the obtained results for compressive

strength, tensile strength, and flexural strength for all
mixes.

Fig. 3. Shapes of test molds: cubes, cylinders, and beams.

Table 7. Test results.

Mix Compressive strength

Tensile strength

Flexural strength

Designation (MPa) % Change (MPa) % Change (MPa) Aot
(Mo) 33 0 3.5 0 6.0 0
M (0% B) 38 15.0 4.0 14.5 6.2 3.4
M s0%B) 41 24.0 4.5 285 7.0 16.7
M100% B) 34 3.0 4.2 20.0 6.8 13.4
M 0% r) 37 13.0 4.0 14.3 6.3 5.0
M 0% r) 43 30.0 4.5 28.7 7.5 25.0
M (100% Ry 34 3.0 4.3 23.0 7.0 16.7
M (50% B+50%R) 44 33.4 4.7 34.5 7.8 30.0

3.1. Compressive strength of concrete mixes

The compressive strength results in Table 7 are plot-
ted in Fig. 4, which show that there was an increase in
the compressive strength of the specimens when
crushed bricks were used to replace the fine aggregates
at all percentages below 100% replacement. Moreover,
the maximum increase in strength was 23% correspond-
ing to 50% replacement ratio.

When the fine aggregates were totally replaced by
crushed bricks (100% replacement), the results showed
a slight change in the compressive strength. The increas-
ing in strength is in agreement with the results of previ-
ous researches reported in the literature. According to
the research of Rashid et al. (2020) and Azunna et al.
(2021), the increasing of compressive strength could be
referred to the pozzolanic reactivity of the bricks; the

Ca(OH):z crystals in concrete were consumed to generate
calcium silicate hydrate (CSH), resulting in enhancing
adhesion between the crushed bricks as a fine aggre-
gates and the cement paste.

It can be seen from Table 7 and Fig. 5 that concrete
mixes containing different percentages of recycled
crushed concrete as a partial replacement of natural
coarse aggregates content shows a similar trend but with
higher values compared to those of crushed bricks. It is
observed that when coarse aggregates were replaced by
50% with crushed concrete, the compressive strength at
7,28 and 56 days were 30, 43, and 44 MPa, respectively,
which represent the highest values of compressive
strength. These results could be due to the well prepara-
tion of crushed recycled coarse aggregates (CRA); opti-
mal gradation of RCA, shape and texture of RCA, and the
quality of RCA that greatly influence the properties of
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produced concrete. The valuable matter is that the com-
bination of the two types of substitutions maintained the

positive effect of them on the compressive strength (M
50% B,R).

m0%

®10%

After 7 days

After 28 days

m50%
H100%

After 56 days

Fig. 4. Results of the compression test for the CB specimens.
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Fig. 5. Results of the compression test for the CRC specimens.

It is also observed that the superior results related to
the strength gain were those of Mo% BR), the mix that
incorporating the both types of aggregates alternatives.

It is worthy to study the effect of incorporating CB,
and CRC as partial substitutions of fine or coarse aggre-
gates in concrete mixes on compressive strength gain.
Therefore, Fig. 6 is plotted to indicate the values of com-
pressive strengths results through 7, 28, 56 days ages of
concrete samples. It was found that the rate of compres-
sive strength increased from 7 days until 28 days for all
concrete mixes by almost 40%. In addition, the progres-
sion of strength continued after 28 days age but with a
little increase as the usual of traditional concrete
strength gain, meanwhile that CB and CRC maintained
the rate of strength gain of concrete even after the stand-
ard age (28 days).

3.2. Splitting tensile strength of concrete mixes

The results of splitting tensile strength for all mixes are
plotted in Fig. 7. It was observed that when fine aggre-
gate is replaced by 50% crushed bricks, the tensile split-
ting strength at 28 days age was found to be the greatest
value to record 28% increase compared to control mix.
For the mixes where coarse aggregate is replaced with a
percentage of crushed concrete, the increase in splitting
tensile strength was 25% at 50% replacement ratio.

Fig. 8 shows a comparison for the average values of
flexural strength of specimens with different percent-
ages of brick-fine aggregate replacements, and CRC -
coarse aggregate replacements. Flexure test results for
the various concrete specimens are nearly showing sim-
ilar trends as shown by the splitting tensile strength and
compressive strength test results.
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u After 7 days

u After 28 days

= After 56 days

Compressive Strength (MPa)

M control M10%B M50%B M100%B M10%R M50%R M100% R M 50% B,R

Fig. 6. Effect of the various percentages of CB & CRC on the compressive strength gain.
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= After 56 days

Splitting Strength (MPa)

M control M10%B M50%B M100%B M10% R M50%R M 100% RM 50% B,R

Fig. 7. Effect of the various percentages of CB & CRC on the splitting tensile strength gain.
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4. Conclusions

Recycled materials were used to preserve the natural
materials to produce sustainable concrete. Crushed
brick was used to replace the natural fine aggregate and
crushed recycled concrete was used to replace the natu-
ral coarse aggregate. Different percentages of the replac-
ing materials were considered, namely: 0%, 10%, 50%,

and 100%. The effect of the different percentages on the

mechanical properties of the produced sustainable con-

crete was experimentally investigated. Based on the re-

sults of the current research the following conclusions

could be drawn:

e Wastes such as bricks and concrete can be used as a
partial replacement of fine and coarse aggregates in
concrete as there was an overall improvement in com-
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pressive, tensile and flexural strengths in the mixture
with these wastes.

e There is an optimum percentage of replacement that
gives the highest effect when substituting fine aggre-
gate with crushed bricks which was found to be 50 %
in concrete.

e There is an optimum percentage of replacement that
gives the highest effect when substituting coarse ag-
gregate with crushed concrete which was found to be
50 % in concrete.

o At the suggested optimal ratio 50% of fine aggregate
with crushed bricks, an increase of 23%, 28%, and
19% was obtained in the compressive, tensile, and
flexural strengths, respectively relative to the control
specimen.

o At the suggested optimal ratio 50% of coarse aggre-
gate with crushed recycled concrete an increase of
30%, 25%, and 23% was achieved in the compressive,
tensile, and flexural strengths, respectively relative to
the control specimen.

e The most effective mix was at 50% replacement ratio
of coarse aggregate with crushed recycled concrete in
combination with 50% replacement ratio of fine ag-
gregate with crushed bricks. The results of this mix
showed 32%, 28%, 26% increase in compressive, ten-
sile, and flexural strengths, respectively.
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ARTICLE INFO

One of the most crucial challenges faced by today’s construction industry for a speedy
delivery is undeniably the ‘time-factor’ accompanied by promised quality within the
framework of distinct budget. Strength based - Prediction models helps in estimating
the early strengths as well as later-stage strength or strength at any age of concrete.
Such models assist the structural and execution engineers in arriving at a fair judge-
ment of compressive strength of concrete. A normal practice usually followed by the
material testing laboratories and quality assurance cell at site is to assess the cube
compressive strength of concrete which is an intrinsic engineering property govern-
ing the design and performance phase of structures. It is found from the literature
that most of the prediction models that are formulated to estimate the compressive
strength of concrete at any age are actually based on cylinder compressive strength
of concrete. Therefore, this paper attempts to use some of the suggested prediction
models with two sets of data, that is, one by considering experimental results of cube
compressive strength found at the age of 7, 14 and 28-days and two by utilizing a
conversion value, suitable cylinder compressive strength is obtained. These datasets
are thoroughly used in the prediction models to accurately estimate the compressive
strength of concrete. Similarly, appropriate prediction models are sought to deter-
mine the split tensile strength of normal concretes based on cubic compressive
strength and cylinder compressive strength. Particularly, results of the present study
showcase that although the prediction models are developed based on cylinder com-
pressive strength, they can agreeably be used on cube strength data as the ratio of
(Pi/Ai) obtained is the higher range of 0.85-1.00 and with only an early cube strength
result, it is possible to predict an accurate value of split tensile strength of concrete
at an age of 28-days. The effectiveness of suggested prediction models through sta-
tistical parameters are determined and their efficiencies are found to be in the higher
range of 94% to 98%.
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1. Introduction

Concrete is one of the most dynamic and versatile
construction material. The performance and durability
aspects of concrete largely depends on its compressive
strength and is attributed to play a pivotal role in design
and construction of any structure. The strength-based
prediction models help in obtaining the early age
strength or gain of strength at any age without having to

wait for the stipulated time period of 28 days (Masood
and Murtaza 2015). The later-stage strength character-
istics such as durability, permeability, volume firmness
are also dependent on compressive strength of concrete.
In case of assessing such parameters, it is always desira-
ble to use the strength-based prediction models so that
accurate and precise designs are carried out. The evi-
dently known and most common practice is to determine
the compressive strength of concrete by casting cubes
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and testing it at the age of 28 days. Some of the recent
research articles have documented that the cylinder
strength test is the acclaimed process to ensure the pre-
cise values of concrete compressive strength and hence
the prediction models are actually based on cylinder
compressive strength (Monjurul Hasan and Kabir 2011).

The split tensile strength is another distinguished de-
sign property which is used in the ductility based designs
of concrete structural elements subjected to transverse
shear, torsion, differential shrinkage, and thermal
strains (Ashwini and Srinivasa Rao 2021). The tensile
strength determines the load-bearing behaviour of con-
crete structures by taking the compressive strength as a
design parameter (Reinhardt 2013). This essentially
proves that both compressive strength and the tensile
strength supremely affects one another and dictates the
performance and response of structures.

The assessment of these strength-related parameters
are usually carried out in material testing laboratories
and are studied as specimens cast into cubes or cylin-
ders. Hence, the estimation of these governing proper-
ties becomes the premise of the present study wherein a
few suggested prediction models are sought to predict
the cube compressive strength on the basis of cylinder-
based prediction models.

2. Review of the Recent Research

In the recent past, several researchers have at-
tempted to predict the compressive and tensile strength
of concrete based on mathematical and computation
models considering the basic constituents of concrete
such as cement, fine aggregates, coarse aggregates, wa-
ter content, water-cement ratio and in some cases, the
physical properties such as fineness modulus of sand
and size ratio of components of coarse aggregates are
also accounted. Some of the noteworthy research inves-
tigations are documented in the paragraphs below.

2.1. Prediction models for compressive strength

Chopra etal. (2014) carried out statistics based math-
ematical analysis by developing multiple non-linear re-
gression models for predicting the compressive strength
of concrete based on experimental work on concrete
mixes proportioned for medium and high workability at
different curing ages of 28, 56 and 91 days. The multivar-
iable power equations were developed and the study
suggested two models for medium and high workable
concrete mixes. Co-efficient of determination (COD) and
Root Mean Square Error (RMSE) were chosen as the sta-
tistical parameters to evaluate the effectiveness of the
predicted models and they were found to 95% accurate
with experimental data. Masood and Murtaza (2014)
presented analytical models that were developed by us-
ing the data of concrete strengths obtained from the ex-
perimental results of testing cylinders. Two models were
proposed to predict the compressive strength of con-
crete up to 28-days using the 7-day compressive
strength. The research work suggested that of the four
cement compounds, as Cs3S and CzS largely contribute to

the early and long-term strengths of cement, hence they
were included in the prediction models as ‘logical varia-
bles’ along with the fineness of cement. Also, for the sake
of simplicity and owing to the fact that strength proper-
ties are majorly influenced by the composition of CsS and
fineness of cement up to 7-days, the 7-days compressive
strength was included as one of the leading parameters
in both the prediction model. Regression analysis using
the least square method were used to predict the im-
portant two-defining parameters o and 3 correlating the
effects of chemical composition of cement, specifically,
C3S and C2S and fineness of cement. The proposed mod-
els provided a good correlation with experimental data
and were validated with results of several types of ce-
ment brands reported in literature. Chopra et al. (2015)
made efforts to develop prediction models to estimate
the concrete compressive strength using the two data
mining techniques, such as, Artificial Neural Networks
(ANN) and Genetic Programming (GP). The study re-
ported a comparison of predicted results from these two
models and inferred that the model developed by using
ANN with a training function Levenberg-Marquardt
(LM) yielded better results and lesser value of RMSE,
meaning that the predicted values are mostly precise
with the experimental results. Ahsanul et al. (2012) sug-
gested a simple mathematical equation comprising of
two constants and a variable, age of concrete in days,
based on rational polynomial to predict the compressive
strength of concrete at 28-days from 7-days early
strength. The constants ‘p’ associated with stress unit
and ‘q’ as unit in days. The model proposed is a simple
equation where the compressive strength of any data
can be determined from only one test result input data.
It was observed that the constants p, g and strength ata
particular day, f¢p maintained a correlation of polyno-
mial surface (especially fitted well as a second degree
polynomial surface equation) and facilitated to express
constant p in-terms of q. The general form of correlation
equation was found as : p = m(f/,)", with ‘m’ equal to
3.0 and 2.5 respectively for 7 and 14 days and ‘r’ equal to
0.80.

The effectiveness of the predicted models were deter-
mined using RMSE, Mean absolute error (MAE) and the
efficiency up to 92% were reported. The suggested
model predicted similar results when compared with the
experimental data and mentioned that the predicted tool
could be used to estimate the strength of concrete at any
age. Metwally (2013) carried out similar studies on pre-
dicting the compressive strength of concrete at any age
based on statistical analysis. The prediction model put
forth two constants, A and B in the equation which were
considered as a characteristic property for a concrete
mix. The constants A and B were introduced as a compo-
nents of a rate of strength gain constant and grade
strength constant respectively. The research work em-
phasized on development of these constants based on
thorough understanding of strength developments of
pure clinker compounds, the CsS, C2S, C3A and C4AF. The
research study implied that for a given degree of hydra-
tion, the strength increases in the order of C3A < C4AF <
C2S < CsS, signifying the prevailing differences in the in-
trinsic strengths of hydrates formed in the hydration of
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clinker compounds. Hence, the study specified that
based on cement composition, the strength development
of pure clinker minerals is found to be in the form of
ft = A ln (t) + B with correlation coefficient approaching
unity. The analysis revealed that the proposed predicted
model gave highly accurate results following the con-
crete mixes with no additives and mixes with additives
such as silica fume and nano silica when cured at normal
temperature and in water.

2.2. Prediction models for split tensile strength

Mehrdad and Ramezan (2021) examined the behav-
iour of normal and steel fiber reinforced concrete to pre-
dict the tensile strength when exposed to high tempera-
tures as it greatly influences on the performance charac-
teristics of concrete structures especially when the
members are subjected to high temperatures. The main
objective of this work was to aid a broader application of
steel fibers specifically with fire resistant structures and
the proposed prediction model would help in estimating
the tensile strength under high-temperature exposure
conditions as high as 28°C to 800°C. The study aimed at
predicting tensile strength based on regression analysis
for both normal concrete and steel fiber reinforced con-
crete separately and these formed the basis for develop-
ing tensile strength expressions when normal concrete
and steel FRC exposed to high elevated temperatures.
Further, it showed that the compressive strength has a
great impact on the tensile strength of concrete, where
an increase of compressive strength from 20.1 MPa to
84.45 MPa improves the tensile strength by 169.4% at
ambient temperature and an average deviation of exper-
imental results with the predicted model showed about
7.53% indicating high accuracy and validating the pre-
dicted tensile strength model. A¢ikgencg et al. (2015) con-
ducted experimental investigations to develop relation
between splitting tensile strength and flexural strengths
of plain concrete and steel fiber-reinforced concrete. The
study focused on estimating the flexural strength by us-
ing a relation with splitting tensile strength as the former
requires testing heavy beams while the latter needs
standard cubes or cylinders as specimens. In this study,
the functions of compressive strength, split tensile
strength and flexural strengths for varying volume frac-
tion of steel fibers are defined in terms of Abram’s law
comprising of water-cement ratio and two empirical
constants. The relations of compressive-splitting tensile
strength and compressive-flexural strengths yielded a
strong correlation of 95% and 96% respectively.
Ashwini and Srinivasa Rao (2021) carried out research
investigations on determination of correlation between
compressive and splitting tensile strength of concrete
using alccofine and nano silica based on prediction
model - power type regression equation and validating
them with the experimental results with an age of 28-
days curing time. Three concrete grades of M40, M60
and M80 were selected with mixes having no additives,
with alccofines and with both alccofines and nano silica.
It was observed that split tensile strength for all grades
of concrete increased with an increase in compressive
strength. The proposed model gave a good correlation of

R2 of 95.45% and the results of error analysis on the
model showed lowest error results of the model proving
its accuracy. Mane et al. (2019) conducted experimental
investigations on use of pozzolanic materials such as fly
ash, GGBS, silica fume and metakaolin as a partial re-
placement to cement along with replacement of natural
sand by manufactured sand to determine the tensile
strength of concrete. The experimental results obtained
were checked with a prediction model developed based
on artificial neural networks (ANN) at an age of 28 days.
In all the cases of incremental replacement studies, the
predicted model showed almost similar results as that of
the experiments with high R2 value in the range of 0.94 -
0.96. Jinping et al. (2019) conducted rigorous experi-
ments to evaluate the concrete cube splitting tensile
strength based on the curing age and aging degree of
concrete. The study related to the significance of ma-
turity concept of concrete wherein along with time, tem-
perature of curing also plays an important role and that
the age degree has a direct influence on splitting tensile
strength of concrete indicating that a larger difference of
age degree results in larger difference in split tensile
strength of concrete. A predictor model was developed
based on the experimental results of cubic split tensile
strength of 150x150x150 mm and a comparison with ex-
perimental data showed that the intensity of increase in
split tensile strength of concrete is rapid for the first 7-
days and the intensity of 70% is reached up to an age of
28-days.

It is clear from this extensive study on literature, that
there is a need to find out whether the available predic-
tion models (which are based on cylinders) are capable
enough in accurately predicting the compressive
strength of concrete when the type of specimens cast are
cubes and its implications on predictions of cubic and
cylinder split tensile strength of concrete. Therefore,
these pointers essentially forms the motivation of the
present investigation which is discussed in detail in the
following section.

3. Present Investigation
3.1. Scope of the study

It has already been well-highlighted that use of
strength based - prediction models will help in saving
time in order to obtain nearly accurate estimation of
probable development of strength after a certain curing
time. As a normal practice, it is seen that usually com-
pressive strength of concrete is determined by casting
them into cubical moulds of either 150 mm or 100 mm
in size. On the other hand, it is finely indicated in several
research articles that the prediction models are based on
cylinder compressive strength as they are found to be far
more accurate and precise. Hence, there is need to have
clear understanding of these aspects before using the
prediction models. Therefore, the objectives of the pre-
sent investigation are summarized as follows -

e Prediction of cube compressive strength using predic-
tion models (1 to 4) at 14 and 28-days using 7-days test
results and validating them with experimental results.
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e Prediction of cylinder compressive strength by using
an appropriate conversion factor to cube strength and
then using the prediction models to estimate the
strength of 14 and 28-days.

e Prediction of cubic and cylinder split tensile strength
by various prediction models suggested in literature.

o Estimation of effectiveness of prediction models using
simple statistical error analysis.

3.2. Methodology

The present investigation is aligned with use of sug-
gested prediction models mentioned in Table 1 and are
based on literature studies (covered in previous section)
to predict the compressive and split tensile strength of
normal concrete. In this context, around 16 experimental
results of cube compressive strength of normal concrete
of M25 grade, cured and tested for compressive strength
in accordance with IS: 516-1959 (reaffirmed in 2004) at
an age of 7, 14 and 28-days in concrete material testing
laboratory of Dept. of Civil Engineering, B.M.S College of
Engineering, Bengaluru, Karnataka are considered.

It is to be noted here that the developed prediction
models of referred literature are based on cylinder com-
pressive strength of concrete. Based on several literature
studies, a conversion factor suggested by relevant re-
search studies of Jodo et al. (2019) and David and
Gongkang (1995) of 0.81 is adopted to convert the cube
compressive strength to appropriate cylinder compres-
sive strength of concrete. This value of conversion factor
is based on computations of model accounting as both
deterministic (considering practical conversions of test
data) and probabilistic (considering normal distribu-
tions) in nature for normal concretes with natural aggre-
gates. These estimated values along with experimental
data considered for the present study are shown in Table
2. The use of suggested prediction models for compres-
sive strength and split tensile strength are abbreviated
in the series of Cp - 1, 2, 3, 4 and Ty - 1, 2 respectively.
For each case of use of suggested prediction model (P)),
cube compressive strength at 28-days is obtained and
verified with experimental data (4:) and correspond-
ingly cylinder compressive strength is estimated and
again verified with the predicted data.

Table 1. Summary of prediction models based on literature.

Prediction models for compressive strength

Model Code

Prediction model

Notations

Cp-1

fcp=strength of concrete at Dt day,

(Ahsanul et al. 2012) f'ep = m p D = No. of days, p and q are constants deter-
, 08 mined by using regression analysis.
p=30 (f c,7)
Cp-2 fi =Aln(t) + B f: = compressive strength at age (t) days,

(Metwally 2014)

B = 0.005(f,)?2°

A = 1.40351In(B) + 2.9956

fe=28-day compressive strength,
B =is the grade constant (R2=0.91),
A = is the rate constant (R2 = 0.98).

Cp-3
(Masood and Murtaza 2015)

fo =056 X f,, x tn*°

where {7 < t, < 28}

Cp-4
(Masood and Murtaza 2015)

n

fc,t = fc.7 2 m

where {7 < t, < 28}

fe=compressive strength of concrete beyond
7-day strength,

fe7="7- day compressive strength of concrete,
t. = age of concrete at which strength of con-
crete is to be predicted (n = 8,...,28),

fet= strength of concrete at time (t) beyond
28 days.

Prediction models for split tensile strength

Using cube compressive strength

Tp-1
(Jinping et al. 2019)

fop = 0.25 X f,, (£, T)%7

fou (&, T) = [0.2134 x In(T) + 0.3122]
X [1 +0.05968

(-2

fo = concrete cubic split tensile strength of
different curing and age degree,

t = curing age of the specimen (in days),

T = age degree of the specimens (°C.d),

feu = 28-days cube compressive strength,

fau (£T) = is the cubic strength prediction
based on age and age degree

Using cylinder compressive strength

Tp-2: f, = 0.167£082
(Mehrdad and Ramezan 2021)

Tp-2u fi =0.188£,0%
(Mehrdad and Ramezan 2021)

Tp'Ziii f; = 0.21fC°'83
(Mehrdad and Ramezan 2021)

Tp'Ziv =0.12 0.95
(Ramadoss 2014) J Je
Tp'2v f;: = 0_56f‘C0.5

(Mehrdad and Ramezan 2021)

ft= split tensile strength of concrete,
fc = cylinder compressive strength, MPa
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3.2.1. Use of prediction models
for estimating compressive strength of concrete

The experimental data of cube compressive strength
obtained at 7, 14 and 28 days considered for the present
study are presented in Table 2. In addition, the cylinder
strength is estimated as 0.81 times cube strength value
obtained at 7, 14 and 28 days.

Cp-1.In the present study, using the experimental data
of cube strength and estimated cylinder strength at 7-
days (Table 2), constants are calculated and then 14t
and 28-days compressive strengths are predicted us-

ing the expressions mentioned in Table 1. The results
of use of Cp-1 in the present study are shown in Table
3.

Cp-2. The prediction model requires 28-days strength as
an input value to determine the constants A (rate of
strength gain constant and B (grade constant). Hence, in
the present study, the experimental data of cube
strength and estimated cylinder strength at 28-days are
considered. From this, constants B and A are calculated
and then 7t and 14-days strength are computed along
with corresponding ratios of predicted to actual values.
The results are shown in Table 4.

Table 2. Experimental data of cube strength and estimated cylinder strength considered for present study.

Estimated cylinder strength

Experimental cube strength i b () Ly s

Estimated cylinder strength

Experimental cube strength oyl (1P L s

TR ey conversion value of 0.81 ksl conversion value of 0.81
Sp. No 7 14 28 7 14 28 Sp. No 7 14 28 7 14 28
1 22.40 28.40 35.50 18.14 23.00 28.76 9 2891 32.84 41.05 23.42 26.60 33.25
2 23.74 27.76 34.70 19.23 22.49 28.11 10 29.83 32.54 40.68 24.16 26.36 32.95
3 22.01 29.52 36.90 17.83 2391 29.89 11 19.12 21.80 27.25 15.49 17.66 22.07
4 24.23 30.96 38.70 19.63 25.08 31.35 12 19.05 22.26 27.82 15.43 18.03 22.53
5 24.30 30.00 37.50 19.68 24.30 30.38 13 19.16 22.62 28.27 15.52 18.32 22.90
6 21.68 28.56 35.70 17.56 2313 2892 14 19.59 23.33 29.16 15.87 18.90 23.62
7 26.40 30.52 38.15 21.38 24.72 30.90 15 19.52 23.82 29.78 15.81 19.30 24.12
8 25.60 31.68 39.60 20.74 25.66 32.08 16 19.63 23.08 28.85 15.90 18.69 23.37
Mean = 34.35/27.82 MPa (28-days strength of cube/cylinder), COV = 14.53
Table 3. Results of the prediction model: Cp-1.
Using experimental cube strength in days (MPa) Using estimated cylinder strength in days (MPa)
Constants Pi Ratio Pi Ratio Constants Pi Ratio Pi Ratio
SNIE). p q 14 (Pi/A) 28 (Pi/A) p q 14 (Pi/Ai) 28 (Pi/A)
1 36.08 4.28 27.64 0.97 31.30 0.88 30.49 4.76 22.75 0.99 26.06 0.91
2 37.80 4.15 29.16 1.05 32.93 0.95 31.94 4.63 24.01 1.07 27.41 0.98
3 35.58 4.32 27.20 0.92 30.83 0.84 30.06 4.80 22.38 0.94 25.66 0.86
4 38.42 4.10 29.72 0.96 33.52 0.87 32.46 4.58 24.46 0.98 27.90 0.89
5 3851 4.09 29.80 0.99 33.60 0.90 32.54 4.57 24.53 1.01 27.97 0.92
6 35.15 4.35 26.82 0.94 30.43 0.85 29.70 4.84 22.07 0.95 25.32 0.88
7 41.15 391 32.17 1.05 36.11 0.95 34.77 4.38 26.48 1.07 30.06 0.97
8 40.15 3.98 31.27 0.99 35.16 0.89 33.92 4.45 25.74 1.00 29.27 0.91
9 44.25 3.72 34.97 1.06 39.07 0.95 37.39 4.18 28.80 1.08 32.54 0.98
10 45.38 3.65 36.00 1.11 40.15 0.99 38.34 411 29.64 1.12 33.43 1.01
11 31.79 4.64 23.88 1.10 27.27 1.00 26.86 5.14 19.65 1.11 22.69 1.03
12 31.70 4.65 23.80 1.07 27.19 0.98 26.78 5.15 19.58 1.09 22.62 1.00
13 31.84 4.63 23.93 1.06 27.32 0.97 26.90 5.14 19.68 1.07 22.74 0.99
14 32.42 4.58 24.42 1.05 27.86 0.96 27.39 5.08 20.09 1.06 23.18 0.98
15 3232 4.59 24.34 1.02 27.77 0.93 27.31 5.09 20.03 1.04 23.11 0.96
16 32.47 4.58 24.47 1.06 27.91 0.97 27.43 5.08 20.13 1.08 23.22 0.99

Mean = 31.6/26.4 MPa (28-days strength of P; - cube/cylinder), COV = 13.4
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Table 4. Results of the prediction model: Cp-2.

Using experimental cube strength in days (MPa)

Using estimated cylinder strength in days (MPa)

Constants Pi Ratio Pi Ratio Constants Pi Ratio Pi Ratio
N B A 7 (P/A) 14 (Pi/A) B A 7 (Pi/A) 14 (Pi/A)
1 12.87 6.58 25.67 1.15 28.70 1.01 8.09 5.93 19.63 1.08 22.49 0.98
2 12.24 6.51 2491 1.05 27.68 1.00 7.70 5.86 19.10 0.99 21.72 0.97
3 14.01 6.70 27.05 1.23 30.29 1.03 8.81 6.05 20.58 1.15 23.63 0.99
4 15.56 6.85 28.88 1.19 32.03 1.03 9.79 6.20 21.84 1.11 24.78 0.99
5 14.52 6.75 27.65 1.14 30.65 1.02 9.13 6.10 21.00 1.07 23.82 0.98
6 13.03 6.60 25.87 1.19 29.02 1.02 8.19 5.95 19.77 1.13 22.74 0.98
7 15.08 6.80 28.31 1.07 31.14 1.02 9.48 6.15 21.46 1.00 24.10 0.97
8 16.36 6.92 29.83 1.17 32.90 1.04 10.29 6.27 22.49 1.08 25.35 0.99
9 17.71 7.03 31.39 1.09 34.26 1.04 11.14 6.38 23.55 1.01 26.21 0.99
10 17.36 7.00 30.99 1.04 33.73 1.04 10.92 6.35 23.28 0.96 25.82 0.98
11 7.19 5.76 18.41 0.96 20.95 0.96 4.52 5.11 14.47 0.93 16.94 0.96
12 7.53 5.83 18.87 0.99 21.48 0.97 4.73 5.18 14.81 0.96 17.34 0.96
13 7.80 5.88 19.23 1.00 21.88 0.97 4.90 5.23 15.08 0.97 17.64 0.96
14 8.35 5.97 19.97 1.02 22.66 0.97 5.25 5.32 15.61 0.98 18.20 0.96
15 8.74 6.04 20.49 1.05 23.26 0.98 5.50 5.39 15.98 1.01 18.65 0.97
16 8.15 5.94 19.71 1.00 22.36 0.97 513 5.29 15.42 0.97 17.98 0.96

Mean = 35.19/26.87 MPa (28-days strength of P; - cube/cylinder), COV =17.69/17.16

Cp-3. The prediction model requires 7-days compres-
sive strength and any age/day strength beyond 7-days
can be calculated by the respective relation mentioned
in Table 1. It is reported that the coefficients of the re-
gression equation, @ = 0.56 and § = 0.29 are determined
as function of cement type which in turn is represented
by the chemical and compound composition and fine-
ness.

Cp-4. The equation represented in this prediction model
is slated to be a modification to ACI 209R- 92 code which
is used to predict the strength at any time, t beyond the
age of 28-days where a and f range from 0.05 - 9.25 and
0.67 - 0.98 respectively. It is documented that the aver-
age values of a and 3 complying with the (fineness + C3S
content) and total silicate content (C3S+ C2S) of cement
composition is equal to 3.2 and 0.58 respectively.

Table 5. Results of the prediction model: Cp-3.

Using experimental cube strength in days (MPa)

Using estimated cylinder strength in days (MPa)

Constants P; Ratio P; Ratio Constants P; Ratio P; Ratio
Py 8 14 (P/A) a5 (P/A) « 8 B g (P/A)
1 0.56 0.29 26.97 0.95 32.97 0.93 0.56 0.29 21.84 0.95 26.71 0.93
2 28.58 1.03 34.94 1.01 23.15 1.03 28.30 1.01
3 26.50 0.90 32.40 0.88 21.46 0.90 26.24 0.88
4 29.17 0.94 35.66 0.92 23.63 0.94 28.89 0.92
5 29.25 0.98 35.77 0.95 23.69 0.98 28.97 0.95
6 26.10 0.91 3191 0.89 21.14 0.91 25.85 0.89
7 31.78 1.04 38.86 1.02 25.74 1.04 31.47 1.02
8 30.82 0.97 37.68 0.95 24.96 0.97 30.52 0.95
9 34.80 1.06 42.55 1.04 28.19 1.06 34.47 1.04
10 35.91 1.10 43.91 1.08 29.09 1.10 35.56 1.08
11 23.02 1.06 28.14 1.03 18.64 1.06 22.79 1.03
12 22298 1.03 28.04 1.01 18.58 1.03 22.71 1.01
13 23.07 1.02 28.20 1.00 18.68 1.02 22.84 1.00
14 23.58 1.01 28.83 0.99 19.10 1.01 23.36 0.99
15 23.50 0.99 28.73 0.96 19.03 0.99 23.27 0.96
16 23.63 1.02 28.89 1.00 19.14 1.02 23.40 1.00

Mean = 33.6/27.2 MPa (28-days strength of P; - cube/cylinder), COV = 15.5
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Table 6. Results of the prediction model: Cp-4.

Using experimental cube strength in days (MPa)

Using estimated cylinder strength in days (MPa)

Constants Pi Ratio Pi Ratio Constants Pi Ratio Pi Ratio
o P w  PA) g (Pi/A) « P u  (P/A) 28 (Pi/A)
1 3.20 0.58 27.70 0.98 32.26 0.91 3.20 0.58 22.44 0.98 28.45 0.99
2 29.36 1.06 34.19 0.99 23.78 1.06 27.81 0.99
3 27.22 0.92 31.70 0.86 22.05 0.92 29.57 0.99
4 29.97 0.97 34.90 0.90 24.27 0.97 31.01 0.99
5 30.05 1.00 35.00 0.93 24.34 1.00 30.05 0.99
6 26.81 0.94 31.23 0.87 21.72 0.94 28.61 0.99
7 32.65 1.07 38.02 1.00 26.45 1.07 30.57 0.99
8 31.66 1.00 36.87 0.93 25.65 1.00 31.74 0.99
9 35.75 1.09 41.64 1.01 28.96 1.09 32.90 0.99
10 36.89 1.13 42.97 1.06 29.88 1.13 32.60 0.99
11 23.65 1.08 27.54 1.01 19.15 1.08 21.84 0.99
12 23.56 1.06 27.44 0.99 19.08 1.06 22.30 0.99
13 23.70 1.05 27.60 0.98 19.19 1.05 22.66 0.99
14 24.23 1.04 28.22 0.97 19.62 1.04 23.37 0.99
15 24.14 1.01 28.12 0.94 19.55 1.01 23.87 0.99
16 24.28 1.05 28.27 0.98 19.66 1.05 23.12 0.99

Mean = 32.87/27.53 MPa (28-days strength of P; - cube/cylinder), COV = 15.46/14.53

In the present investigation, the experimental cube
and estimated cylinder 7-days strength are utilized and
strength at 14th and 28-days are predicted and corre-
sponding (Pi/Ai) ratio are determined separately by us-
ing Cp-3 and Cp-4. The results are shown in tables 5 and
6 respectively. The mean and co-efficient of variation
(COV) of predicted results (28-days) are computed for
each predicted model and the results are mentioned be-
low each of them

The experimental data of cube and estimated cylinder
compressive strengths of all the specimens with the re-
sults obtained from the above four considered predic-
tion models are plotted graphically presented below as
Fig. 1(a-b), respectively. It can be seen from these graphs
that the nearly almost all the results obtained through
the predicted models match with the experimental cube
and estimated cylinder compressive strength data im-
plying the effectiveness of the prediction models.
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Fig. 1. (continued)
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Fig. 1. (a) Experimental cube strength data with results of prediction models at 28-days;
(b) Cylinder strength data with results of prediction models at 28-days.

e Root mean square error = RMSE = f% (P —A)?

e Efficiency = EF = (1 — (X1, “C240)) x 100%

Aj

The statistical error analysis are performed to under-
stand the efficacies of considered predicted model in ob-
taining the cube and cylinder compressive strengths by
using the following expressions.

The results of these statistical parameters obtained

= =lyn 1p _ 4,
* Mean absolute error = MAE = =alPi = Ayl from each of the predicted model are shown in Table 7.

Table 7. Statistical error analysis on predicted cube and cylinder compressive strength results.

Predicted results of cube compressive strength

Cp-1 Cp-2 Cp-3 Cp-4
Statistical
parameters 14 28 7 14 14 28 14 28
RMSE 1.65 3.20 2.72 0.83 1.62 2.13 1.82 2.45
MAE 1.45 2.58 212 0.76 1.33 1.61 1.47 1.87
EF (%) 94.67 92.82 91.04 97.25 95.39 95.59 94.73 94.78
Avg (Pi/Ai) 1.03 0.93 1.08 1.00 1.00 0.98 1.03 0.96
(Min - Max) 0.92-1.11 0.84 -1.00 0.96-1.23 0.96-1.04 0.90-1.10 0.88-1.08 0.92-1.13 0.86-1.06
Predicted results of cylinder compressive strength
Cp-1 Cp-2 Cp-3
Statistical
parameters 14 28 7 14 14 28 14 28
RMSE 1.53 2.05 1.30 0.57 1.31 1.72 1.47 0.30
MAE 1.30 1.52 1.00 0.55 1.07 1.31 1.19 0.29
EF (%) 94.03 94.81 94.56 94.72 95.39 95.59 94.73 98.95
Avg (Pi/Ai) 1.04 0.95 1.03 0.97 1.00 0.98 1.03 0.99
(Min - Max) 0.94-1.12 0.86-1.03 0.93-1.15 0.96-0.99 0.90-1.10 0.88-1.08 0.92-1.13 0.99-0.99
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3.2.2. Use of prediction model
for estimating splitting tensile strength of concrete

In the section based on literature studies, two distinct
type of models are chosen. The first one, Tp-1 presents
cubic split tensile strength which is centered on cubic
compressive strength and the second type of models,
that is, Tp-2itw vrepresents a group of similar equations
developed on the basis of regression analysis and relies
on cylinder compressive strength.

Tp-1. This model requires 28-days cube compressive
strength of concrete as an input value. It is reported that
along with curing age in days, age degree (°C.d) is an-
other crucial parameter that is involved which accounts
to the maturity concept of concrete. Hence in the present
study, in order to calculate curing age and age degree,
28-days and 25°C of prevalent temperature are consid-
ered. Experimental data of 28-days cube compressive
strength and median (as the obtained results appear to
be skewed) of 28-days results of predicted models from
Cp-1 to Cp-4 are considered separately to predict cubic
split tensile strength of concrete and the outcomes are
compared as shown in Table 8.

Tp-2i i, i, iv, v. In this model, prediction of split tensile
strength based on regression equations which are devel-
oped by several researchers in recent times for normal
(plain) concretes based on cylinder compressive
strength are considered. The estimated cylinder
strength and median of predicted results from Cp-1 to
Cp-4 at 28-days are considered and used as an input

value f: in the above mentioned regression equations to
predict the split tensile strength of concrete and the ob-
tained results are compared.

[t can be seen from both tables 8 and 9 that the results
of predicted split tensile strength, both cubic and cylin-
der have yielded almost similar results when compared
with the experimental/estimated data. The lower value
of co-efficient of variation (COV) highlights the advantage
and efficiency of prediction models. A comparison of pre-
dicted cubic and cylindrical splitting tensile strength of
concrete results is shown graphically in Fig. 2.

4. Summary of Findings

The present study focuses on effective use of the pre-
dicted models for estimating the compressive strength
and split tensile strength of concrete which are sug-
gested in several literatures. The predicted results of
each model comprising of cube and cylinder strength
when compared with the experimental data are found to
be close to each other. The effectiveness of these predic-
tion models are summarized in Table 7 and it can be seen
from this table that the statistical parameters, viz., RMSE
and MAE are mostly found to be on the lower side, that
is, between 1.3-3.20, indicating high efficiencies in the
order of 94% to 98% of the prediction models. This
proves that although the prediction models are devel-
oped based on cylinder compressive strength, they can
still be effectively and efficiently adopted to predict the
cube compressive strength.

Table 8. Results of Tp-1.

Experimental Predicted cubic split

Median of predicted Predicted cubic split

Sp. No data, tensile strength, results, tensile strength,
fe (MPa) fo (MPa) fe (MPa) fe (MPa)
1 35.50 3.13 32.62 2.95
2 34.70 3.08 34.57 3.07
3 36.90 3.21 32.05 2.92
4 38.70 3.32 35.28 3.11
5 37.50 3.25 35.38 3.12
6 35.70 3.14 31.57 2.89
7 38.15 3.29 38.44 3.30
8 39.60 3.37 37.28 3.23
9 41.05 3.45 42.10 3.51
10 40.68 3.43 43.41 3.59
11 27.25 2.61 27.84 2.65
12 27.82 2.65 27.31 2.62
13 28.27 2.68 27.46 2.63
14 29.16 2.74 28.15 2.67
15 29.78 2.78 28.42 2.69
16 28.85 2.72 28.20 2.68
Mean 3.05 2.98
cov 10.0 10.7
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Table 9. Results of Tp-2; i, i, iv, v-

. Predicted
Estimated .
. median
S el e cylinder
N‘; 28-days Tp-2i  Tp-2i  Tp-2i  Tp-2w  Tp-2v 2’;3_ e Tp-2  Tp-2i Tp2i Tp2w  Tp-2v
strength, yh
£, (MPa) strength,
fe(MPa)
1 28.76 2.63 3.16 3.41 2.92 3.00 27.28 2.52 3.02 3.27 2.77 2.92
2 28.11 2.58 3.10 3.35 2.85 2.97 27.61 2.55 3.05 3.30 2.81 2.94
3 29.89 2.72 3.26 3.52 3.03 3.06 27.52 2.54 3.04 3.29 2.80 2.94
4 31.35 2.83 3.40 3.66 3.17 3.14 29.75 2.71 3.25 3.51 3.01 3.05
5 30.38 2.75 3.31 3.57 3.07 3.09 29.48 2.69 3.23 3.48 2.99 3.04
6 2892 2.64 3.17 3.43 2.93 3.01 27.14 2.51 3.01 3.25 2.76 2.92
7 30.90 2.79 3.36 3.62 3.12 3.11 30.33 2.75 3.30 3.57 3.07 3.08
8 32.08 2.88 3.46 3.74 3.24 3.17 31.07 2.81 3.37 3.64 3.14 3.12
9 33.25 2.97 3.57 3.85 3.35 3.23 33.04 2.95 3.55 3.83 3.33 3.22
10 32.95 2.94 3.54 3.82 3.32 3.21 33.30 2.97 3.57 3.85 3.35 3.23
11 22.07 2.12 2.53 2.74 2.27 2.63 22.56 2.16 2.58 2.79 2.32 2.66
12 22.53 2.15 2.57 2.79 2.31 2.66 22.46 2.15 2.57 2.78 2.31 2.65
13 22.90 2.18 2.61 2.82 2.35 2.68 22.70 2.17 2.59 2.80 2.33 2.67
14 23.62 2.24 2.68 2.90 2.42 2.72 23.27 2.21 2.64 2.86 2.39 2.70
15 24.12 2.28 2.73 2.95 2.47 2.75 23.19 2.21 2.64 2.85 2.38 2.70
16 23.37 2.22 2.65 2.87 2.40 2.71 23.17 2.20 2.63 2.85 2.38 2.70
Mean 27.82 2.56 3.07 3.31 2.83 2.95 27.12 2.50 3.00 3.25 2.76 2.91
cov 14.53 11.99 12.26 12.12 13.82 7.37 14.12 11.60 11.87 11.73 13.42 7.08
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Fig. 2. Comparison of predicted cubic and cylinder split tensile strength.

Of the four prediction models considered in the pre-
sent study for estimating the compressive strength,
model Cp-2 (Metwally 2014) requires 28-days strength
as an input value while the other three models rely on 7-
days strength to predict strength beyond that age. The
development of models Cp-3, Cp-4 (Masood and Murtaza

2015) gives weightage to the chemical compounds of ce-
ment by incorporating dimensionless factors such as o
and f3 as they are the ones which are primarily responsi-
ble for rate of gain of strength by concrete. The model
Cp-1 (Ahsanul et al. 2012) presents a mathematical ex-
pression with only one input strength value and using
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which two constants p and q are calculated. It is also re-
ported that any day strength as high as strength at 365-
days can also be calculated using this model. Hence, this
prediction model can be conveniently used to assess the
durability aspects of concrete structures where later-age
strength development is of prime importance. Models
Cp-3and Cp-4 mentions a certain limitation with respect
to use of the models beyond the age of 28-days and in-
forms the readers to carefully examine the constants a
and 3 before using them for other types of cements.

Normally, splitting tensile strength of concrete is de-
termined by testing cylindrical concrete specimens in
the laboratories and hence most of the regression based
models utilize the same component, f in their expres-
sions. The reported model Tp-1 highlights the use of 28-
days cubic compressive strength of concrete. It can be
seen from Fig. 2 when predicted cubic of Tp-1 and pre-
dicted cylindrical split tensile strength of Tp-2iiiiv
(Mehrdad and Ramezan 2021) and Tp-2i (Ramadoss
2014) are plotted on the same scale, the range of values
obtained are similar. Hence, this model proves as an ad-
vantage in cases where only cube compressive strength
data is available.

5. Conclusions

In recent times, it is observed that numerous types of
prediction models are available in literature and some of
them appear to be too complex to use it in any other cir-
cumstance because of involvement of complex variables
and various constraints. In the present study, attempts
are made to collate a few of the simple statistical based
prediction models developed on normal concrete, with
an objective to investigate the efficacies of these models
as they are of great help to determine the two most im-
portant and governing design properties of structural el-
ements, that is, compressive strength and tensile
strength of concrete. Four types of prediction models for
estimating compressive strength and two kinds of pre-
diction models for assessing the tensile strength are
dealt in this research article. Computations using the
prediction models and subsequent comparison with ex-
perimental data shows that cube compressive strength
is almost nearly equal to cylinder compressive strength
wherein the latter is pronounced as more accurate type
of measure in literature. The use of these non-expensive
prediction models with an efficiency of 94% to 98% as
obtained from the present study suggest a way to arrive
atearly and later-age compressive strength and split ten-
sile strength of normal concretes without having to wait
for long time to obtain results in the laboratory and can
positively proceed to incorporate them in the design
phase of structural members. In addition, this research
work showcases that any age data, say 7-day strength
data can be easily used on the cylinder-based suggested
prediction models to predict the concrete compressive
strength at any age and can also be used to obtain the
split tensile strength of concrete. As the present study
considers the use of suggested models for estimating the
compressive and split tensile strength of normal con-
cretes, efforts could be made to account the relation of

flexural strength of concrete with these two leading pa-
rameters for an insightful and comprehensive under-
standing.
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