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Abstract

The main objective of this investigation is to replace calcined marl (0, 10, 20%) and condensed silica fume (SF, 0, 7, 10%)
partially for ordinary Portland cement (OPC). Marl, a calcium-based supplementary cementitious material (SCM) calcines
at a considerably lower temperature (750 °C) than OPC (up to 1480 °C). The calcined marl contributes in prolonged poz-
zolanic reactions and represents characteristics of latent cement chemistry. To approach the major conclusions, 27 mixes
were designed based on the three ratios of water to the total binders (W/B) of 0.38, 0.42 and 0.45. The calcined marl and
SF proportioned in mixes with “0, 10 and 20%” and “0, 7 and 10%”, respectively. After the ages of 7, 28 and 90 days all
mixes improved, mechanically. In particular, the hardened concretes containing 10 and 20% of calcined marl show stronger
reaction for substitution of OPC. In the lower limit of W/B ratio (0.38) mixes with 20% calcined marl exhibit a remarkable
increase of some 2.4-fold strengths from 7 to 90 days. Also, the results obtained by tensile strength and modulus of rupture
for concrete mixes containing 10 and 20% calcined marl highlight the mechanical progress of hardened concrete after 28
days. Collectively, both SCMs replaced OPC in a considerable amount (up to 30%). However, long-term enhancement in
mechanical strength and durability indices are typically supported by calcined marl.
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1 Introduction

The OPC is the most widely used construction material for
concrete production. However, for generating one ton of
OPC about 0.7-1.1 ton of CO, is emitted into the atmos-
phere, leading to a significant amount of contribution (~7%)
in total global pollution [1-3]. A considerable amount of
CO, emission (~50%) produced by the cement industry is
from the calcination of limestone, 40% from combustion of
fuel in the kiln and 10% from transportation and manufactur-
ing operations [4]. To reduce the amount of CO, emission
from cement production, improvement of manufacturing
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processes and generating new SCMs such as industrial and
natural pozzolans are the main attempts in concrete tech-
nology. However, most industrial pozzolans are infrequent,
limited in supplies and contribute mostly in early stages of
cement reactions [5, 6]. Alternatively, natural pozzolanic
resources are geologically available in varied areas and their
application as partial substitution for OPC, results in higher
improvement because of the close chemical affinity to the
composition of OPC. This consequence has recently led to
spread out the application of calcined clays for pozzolanic
purposes [7—10]. But little contribution is reported about the
dormant period of calcined marl. Hence, the major part of
this investigation is concerned with a detailed study of long-
term improvement and partial replacement of calcined marl
with OPC. Also, the study focuses on the chemical specifica-
tions of calcined marl which are related to the enhancement
of mechanical strengths and durability indices.

Marl, a natural calcareous-argillaceous clay, geologically
occurs as marine sedimentary deposits belonging to the fam-
ily of pelitic rocks (clay sizes < 0.02 mm) which are domi-
nated by calcite and minor carbonates such as aragonite,
dolomite and siderite minerals [11-13]. The textural and
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mineralogical characteristics of marl indicate both detrital-
clastic and chemical-biogenic lime-rich mudstones that are
consolidated in moderately deep basins (i.e., continental
slope). The geological and Ca-based characteristics of marl
significantly influence the nature and the amount of phases
that can be formed during solid-state reactions under non-
equilibrium conditions [12, 14].

In this study, the calcination temperature of marl is low
(750 °C) that is substantially lower than the corresponding
temperature for OPC (up to 1480 °C). The lower thermal
processing and lower magnitude of CaCOj; in marl leads
to a valuable advantage which is the lower amount of CO,
emission into the atmosphere. Furthermore, calcined marl
has pozzolanic potential for chemical reactions and filler
effects [15—17]. It shows a substantial effect on the hydration
of the clinker phases and behaves as latent cement that in
low water to total binders (W/B) ratio creates a very dense
microstructure in the hardened paste [e.g. 18—20]. For this
reason the calcined marl can be considered as an outstand-
ing SCM. The reactivity of calcined marl is similar to slag
and fly ash but with a higher Ca content. The combination
of slag and fly ash with high Ca content shows strong poz-
zolanic and latent cement chemistry [21, 22]. However, the
reactivity of calcined marl in combination with SF in OPC,
remains clouded in uncertainty [23, 24].

2 Compositional Affinity of RC and Calcined
Marl

According to the phase equilibria in the system
Ca0-Si0,—-Al,0;, the following compounds would even-
tually form in an RC [11-14]: monocalcium silicate (CS);
dicalcium silicate (C,S) or belite; tricalcium disilicate

Counts

(C5S,); dicalcium aluminosilicate (C,AS) or gehlenite;
tricalcium aluminate (C;A) or celite; and tetracalcium alu-
minoferrite (C,AF) or brownmillerite. In contrast to OPC,
tricalcium silicate (C5;S) or alite cannot form in RC because
of the low-calcination temperatures [11, 13]. In an RC, all
of the phases form by solid-state reactions between the con-
stituents of marl, i.e., primarily calcite, quartz, and clay min-
erals particularly illite, the major minerals recorded in the
XRD analysis (Fig. 1). This is the main reason that calcined
marl is considered as an appropriate substitution for OPC
by this study.

The lime saturation factors (LSF) are based on the qua-
ternary diagram CaO-SiO,—Al,0;-Fe,0;. The one used
mostly is: LSF=CaO/[(2.8 X Si0,)+(1.2 X Al,05+0.65 X
Fe,05)]. This module gives LSF for OPCs typically rang-
ing from 0.92 to 0.98 [25-28]. To obtain information about
the ratio of alite to belite, we calculated the LSF for OPC
and calcined marl which resulted in 94% and 47%, respec-
tively (Table 1). The LSF value for OPC is within the above-
mentioned standard range. The OPC with the higher LSF
will have a higher proportion of belite to alite than will a
low LSF. Higher LSF indicates that free lime is likely to be
present in the OPC [28, 29]. This means that at LSF=1.0 all
the free lime should have combined with belite to form alite.
If the LSF is higher than 1.0, the lime will remain freely in
OPC [29]. However, the calculated LSF for calcined marl is
considerably below 1.0 and falls within the RC values rang-
ing from 46 to 54% (Table 1). Therefore, mixing calcined
marl (as RC) with OPC can prevent the formation of free
CaO crystals [30].

The LSF module yields a cementation index (CI) of
0.98-1.09 [12]. The CI is used historically to compare the
chemical composition of SCMs. For RCs, the CI value
ranges from 1.00 to 2.00. Based on the formula of [CI = (2.
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Fig.1 The X-ray diffraction of marl from Mashhad (after calcination)

@ ﬂt} @ Springer



International Journal of Civil Engineering (2018) 16:1549-1559

1551

Table 1 Chemical composition of SCMs (this study) compared with calcined marls analysed for RC production

Composition (Oxides wt%) OPC Condensed Calcined marl Calcined marl selected for Calcined marl selected
silica fume RC [12] (Sample AT-L1) for RC [12] (Sample
PL-F104)
CaO 62.02 - 38.50 34.06 36.62
SiO, 21.32 93.16 26.41 22.55 21.35
A,O; 3.83 1.13 5.54 7.08 5.30
Fe,04 2.76 0.72 2.20 2.88 1.79
MgO 3.44 1.60 1.66 1.35 1.08
Na,O 0.12 - - 0.47 0.16
K,0 0.73 - 0.91 1.47 1.07
SO, 2.09 0.50 0.56 0.05 0.49
TiO, 0.44 - - 0.44 0.41
P,04 0.05 - 0.45 - -
MnO 0.20 - - - -
Total 99.98 98.69 99.93 99.65 99.76
LSF 0.94 - 0.47 0.46 0.54
CI 0.98 - 2.01 2.03 1.75
Si0,/CaO 0.34 - 0.69 0.66 0.58
Loss on Ignition (L.O.1.) 2.98 1.58 23.70 29.29 31.49
PSA 10,000- <0.50 um 90% <100 um - -
15,000 nm

OPC ordinary Portland cement, RC Roman cement, LSF lime saturation factor, CI cementation index, PSA particle size analysis

8% Si0,+ 1.1 X Al,054 0.7 X Fe,05)/(CaO + 1.4 x MgO)]
presented by [14, 16], the calculated CI values for SCMs
(Table 1) are: 0.98 (for OPC) and 2.01 for calcined marl in
which both values locate within the CI range reported by
[14, 16]. In particular, the CI value of calcined marl (2.01)
is very similar to the CI value of RC marls (Sample AT-L1,
Table 1) and confirm the compositional feasibility of cal-
cined marl to be used as high initial strength pozzolan and a
dormant period SCM [12].

As shown in Table 1, the chemical composition of cal-
cined marl is typically dominated by major oxides includ-
ing CaO (38.50 wt%), SiO, (26.41 wt%), Al,05 (5.54 wt%)
and Fe,0; (2.20 wt%) contents. The amount of individual
minor oxides is commonly less than two percent. The
XRF data obtained for calcined marl is composition-
ally similar to the data for the RCs (Table 1). Overall,
the calcined marl is moderately lower in loss on ignition
(LOI=23.70 wt%) compared to this value for RC samples
(LO1=29.29-31.49 wt%) which are shown in Table 1. This
means that the calcined marl was initially low in organic
compounds with no evidence of fossils or fossil traces in
hand specimens. However, when RC samples are high in
LOI content, extensive micro fossils are observed in their
marlstone out crops [e.g. 12]. It is noteworthy that the CI
and Si0O,/Ca0 ratios obtained for OPC are usually about
half of the corresponding ratios obtained for calcined marl
and RCs (Table 1). This is due to higher content of CaO

(62.02 wt%) in OPC. Therefore, the high amount of CaO in
SCMs is not correlated with reactivity, but the mineralogy
and the origin of carbonates are essential factors. The SiO,/
CaO ratio for calcined marl is 0.69 which is almost corre-
lated to the upper limit of this ratio when compared with RC
samples (S10,/Ca0 =0.58-0.66).

The silica ratio (SR) determines the relationship between
solid and liquid phases. Its value should not exceed the limits
of 2.1 to 3.4 in raw material [29]. According to the usual
formula of the SR modulus [SR =Si0,/(Al,0;+Fe,0;)],
this value is exactly 3.412 for calcined marl of this study.
The SR ratio controls mainly the composition of clays and
marls, i.e. the higher the SR the higher the amount of silicate
phases (C,S and C;S) and the lower the aluminates (C;A and
C,AF). Of particular interest is the alumina modulus (AM)
that is described as the [AM = Al,04/Fe,05] formula which
determines the viscosity of the liquid phase. The AM ranges
between 0.64 and 2.5 in raw SCMs [31, 32]. The AM value
of calcined marl is 2.518 and corresponds to the upper limit
of the requirement. Furthermore, according to the ASTM
C115 the equivalent alkali (EA) calculation based on the
formula of Na,0 +0.658 X K,O should not exceed 0.6 for
SCMs. Likewise, the calculated EA value for calcined marl is
0.599 which confirms the standard requirement. Collectively,
the assessment and evaluation of all the above compositional
features indicate that calcined marl is a proper activated RC
for cement reactions.
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3 Experimental Setup

To obtain meaningful results for testing compressive and
tensile strengths, modulus of rupture, ultrasonic veloc-
ity (UV) and specific electrical resistant (ER) of con-
cretes made with calcined marl, 27 mixes were designed

Table 2 Concrete designs and mix proportions for 1 m?

(Table 2). For each mix, 15 cylindrical, two prismatic and
two cubic specimens were prepared leading to a total of
513 samples, all cured by submerging into water until the
testing ages which are commonly after 7, 28 and 90 days
(Table 3). The curing temperature was retained at lower
degree (20 °C) as the maximum amount of pozzolans
(30%) is relatively high. The mixes are based on the three

Sample W/B  Water (kg) Portland Condensed Calcined  Coarse Fine aggregate (kg)
cement (kg) silica fume Marl (kg) aggregate
(kg) (kg)
[W/B]=0.38, SF=0, calcined marl=0 038 171 450 0 0 533.7 1245.3
[W/B]=0.38, SF=0, calcined marl=10  0.38 171 405 0 45 533.7 1245.3
[W/B]=0.38, SF=0, calcined marl=20  0.38 171 360 0 90 533.7 1245.3
[W/B]=0.38, SF=7, calcined marl=0 038 171 418.5 31.5 0 533.7 1245.3
[W/B]=0.38, SF=7, calcined marl=10  0.38 171 373.5 31.5 45 533.7 1245.3
[W/B]=0.38, SF=7, calcined marl=20  0.38 171 328.5 31.5 90 533.7 1245.3
[W/B]=0.38, SF=10, calcined marl=0  0.38 171 405 45 0 533.7 1245.3
[W/B]=0.38, SF=10, calcined marl=10 0.38 171 360 45 45 533.7 1245.3
[W/B]=0.38, SF=10, calcined marl=20 0.38 171 315 45 90 533.7 1245.3
[W/B]=0.42, SF=0, calcined marl=0 042 189 450 0 0 528.3 1232.7
[W/B]=0.42, SF=0, calcined marl=10  0.42 189 405 0 45 528.3 1232.7
[W/B]=0.42, SF=0, calcined marl=20  0.42 189 360 0 90 528.3 1232.7
[W/B]=0.42, SF=7, calcined marl=0 042 189 418.5 31.5 0 528.3 1232.7
[W/B]=0.42, SF=7, calcined marl=10  0.42 189 373.5 31.5 45 528.3 1232.7
[W/B]=0.42, SF=7, calcined marl=20  0.42 189 328.5 31.5 90 528.3 1232.7
[W/B]=0.42, SF=10, calcined marl=0  0.42 189 405 45 0 528.3 1232.7
[W/B]=0.42, SF=10, calcined marl=10 0.42 189 360 45 45 528.3 1232.7
[W/B]=0.42, SF=10, calcined marl=20 0.42 189 315 45 90 528.3 1232.7
[W/B]=0.45, SF=0 calcined, marl=0 045 2025 450 0 0 524.25 1223.25
[W/B]=0.45, SF=0, calcined marl=10  0.45 202.5 405 0 45 524.25 1223.25
[W/B]=0.45, SF=0, calcined marl=20  0.45 202.5 360 0 90 524.25 1223.25
[W/B]=0.45, SF=7, calcined marl=0 045 2025 418.5 315 0 524.25 1223.25
[W/B]=0.45, SF=7, calcined marl=10  0.45 202.5 373.5 31.5 45 524.25 1223.25
[W/B]=0.45, SF=7, calcined marl=20  0.45 202.5 328.5 31.5 90 524.25 1223.25
[W/B]=0.45, SF=10, calcined marl=0  0.45 202.5 405 45 0 524.25 1223.25
[W/B]=0.45, SF=10, calcined marl=10 0.45 202.5 360 45 45 524.25 1223.25
[W/B]=0.45, SF=10, calcined marl=20 0.45 202.5 315 45 90 524.25 1223.25
W water, B total binders (SCMs)
Zi?;i;itytzzza;ﬁfls:;‘;e Test type Ages (days) Specimen shape Specimen dimensions
information of concrete mixes Compressive strength 7, 28,90 Cylindrical D=150 mm, H=300 mm
Tensile strength 28 Cylindrical D =150 mm, =300 mm
Flexural strength (modulus of rupture) 28 Prismatic beam 150 % 150 x 600 mm
Ultrasonic velocity 28 Cubic 150x 150 % 150 mm
Specific electrical resistant (R,) 28 Cubic 150x 150 x 150 mm

The tensile strength was determined by split cylinder test

D diameter, H height

2
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ratios of W/B of 0.38, 0.42 and 0.45. Accordingly, the
proportions of calcined marl and SF for contribution in
concrete mixes include ratios of “0, 10, 20%” and “0, 7,
10%”, respectively. The total SCMs was kept at 450 kg/m*
for all mixes (Table 2).

Compared to the calcined marl, the proportion of SF used
is small. The exact addition rate of SF depends upon the spe-
cific performance characteristic to be improved. However,
there is no “scientific’” method for proportioning SCMs [32].
This means that there is no chart that can be used to derive
the exact mixture ingredients to meet a specified level of per-
formance. One caution when working with SF is to ensure
that the mixing is adequate to break up the particle agglom-
erations (see Sect. 4). In this view, many variables such as
the ratio of coarse aggregate, the moisture content of aggre-
gate and the ratio of W/B must be taken in consideration.
To develop the mixture proportions for a specific project, it
is best to follow trial estimation and use SF judiciously. For
example, when SF is the only additive for high-performance
concrete, the proportion of SF ranges from 0 to 25% but the
optimum replacement is 13—15% of the cement weight and
then compressive strength decreases [33—35]. Also, higher
SF demands more water and decreases flexural strength
whereas at low W/B ratios, agglomerations and filler effects
occur. For the above reasons and due to the relatively limited
supplies of SF, the present work restricted the proportion
of SF to 7 and 10%. It is notable that this study combines
proportions of SF and calcined marl to evaluate and compare
the pozzolanic activity of calcined marl with a SF as a com-
monly used additive in high-performance concretes.

4 Materials and Methods

The OPC used is a commercially available ASTM type
(I-425), prepared from Tehran Cement Factory, Iran. The
measured physical properties of Tehran OPC include: spe-
cific gravity of 3.18 gr/cm?; modulus of fineness of 290 m?/
kg and particle size analysis (PSA) of (1-1.5)x 10* nm
(Fig. 2). According to the Bogue calculation, the clinker
mineral content of OPC determines C,S (alite 54.6 wt%),
C,S (belite 20.0 wt%), C;A (aluminate 5.1 wt%) and C,AF
(ferrite 9.06 wt%). Its cementation index (CI) is 0.98 which
is a typical value for OPCs [30-32]. Its CI (0.98) and LOI
(2.98) values confirm the standard requirement of Iran
cements (ISIRI 389), one of the most used OPCs in the
country.

The marlstone was taken from Mashhad cement quarry,
crushed to a sandy gravel size. Perfect grinding continued
using a Los Angeles mill at the SRTTU lab until the powder
became micronized with 90% of particles less than 100 um
in size (Fig. 2). To determine the exact mineralogy of cal-
cined marl, the powder was analysed by XRD after thermal
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Fig.2 Particle size analysis (PSA) of marl after grounding (a), con-
densed silica fume (b) and ordinary Portland cement (c)

processing. Based on the XRD analysis (Fig. 1) and the dif-
ferential thermal gravity (DTG) diagram (Fig. 3), the micro-
nized powder was gently calcined at 750 °C and remained
in the kiln at that temperature for 3 hours. The process was
carried out by the Iranian Mineral Processing Research Cen-
tre located in Karaj region, NE Tehran. The calcined marl is
chemically similar to a Type Q SCM according to EN197-
1:2000 designation. It possesses lower thermal conductivity
than OPC.

The thermogravimetric analysis carried out with a Met-
tler Toledo TGA/SDTA 851. About 150 mg of the fro-
zen sample was weighed into aluminium oxide crucibles.
Prior to the thermal analysis, the samples were submitted
to a drying step to avoid interference by the non-reacted
free or adsorbed water. During the drying step, the sam-
ple was kept at 20 °C and dried in the instrument by the
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Fig. 3 Differential thermal gravity (DTG) curves of marl from Mash-
had, Iran

purge gas, N,, at a flow of 50 ml/min. This procedure
lasted for 1-2 h. At that time the mass of the sample had
become more or less constant. Immediately after the dry-
ing step, the thermal analysis was carried out. The sample
was heated from 20 °C to 1200 °C with a heating rate of
10°C/min.

The thermogravimetric analysis of marl occurred at three
stages. At low temperature (~ 110 °C), free or adsorbed water
is released. At mid-range temperature (600-800 °C), the loss
of bound water or dissociation of hydroxyls from the lat-
tice induced amorphization of the lattice structure. At high
temperature (800—1200 °C), the structure of residual layered
mineral (clay) broke-down and recrystallization progressed
towards the formation of new mineral and/or glass phases.
The maximum pozzolanic activity of marl corresponds to
the temperatures between the events identified as dehydroxy-
lation and recrystallization [e.g. 35]. This temperature event
is around 750 to 850 °C, illustrated in DTG diagram (Fig. 3).
Because in this study SF is combined with calcined marl, the
maximum degree of pozzolanic activity of calcined marl is
not emphasised but its long-term strengthening (dormant
period) is favoured which is attainable in minimum calcina-
tion temperature (750 °C).

The SF was added as a dispersive and complementary
SCM for improving the pozzolanic reactions of calcined
marl at early stages. Physical properties of condensed SF
include amorphous spherical particles (size < 0.50 um)
with a density of 2.21 g/cm? and specific surface area of
20 m*/g (Fig. 2; Table 1). To control the hydration and
the slump of fresh concrete particularly at the lower W/B
ratios, following the recommendations of ASTM C494
B.D.G and ISIRI 2930, a super plasticizer ZHIKAPLAST
(ZP) based on ether carboxylic was added to the concrete
mixes in a range of 80—120 mg. To disperse SF uniformly
throughout the concrete and to break down agglomerations

@ ﬂ} @ Springer

that make up by condensed SF, after all ingredients were in
the mixer, the concrete was mixed for 3 min followed by a
3 min rest then followed by a 2 min final mix, confirming
the ASTM C192 specification.

The fine and coarse aggregates used for concrete mixes
are naturally occurring gravel and sands that were col-
lected from Karaj River, north Tehran. The aggregates
were washed and graded at the pit. The total amount of
fine and coarse aggregates occupy 74 wt% of the fresh
concrete. The coarse aggregates are mixtures of volcano-
sedimentary rocks predominantly consolidated tuff, sand-
stone, siltstone, basalt and andesite which strongly influ-
ence the concrete’s freshly mixed and hardened properties,
mixture proportions and economy. The coarse aggregates
are quasi-regular in shape and rough in surface with
a maximum size of 20 mm and an average of 2% water
absorption (moisture content at SSD). The fine aggregates
are a mixture of igneous rock forming minerals consisting
mainly of quarts, feldspar and sporadic crystals of musco-
vite. They are hard, strong and durable against alkali silica
reactions. Most of the fine aggregate particles are smaller
than 5 mm which significantly decrease the size of micro-
cracks in concrete. They show average water absorption of
3.66% and a fineness modulus of 4.06. To disperse SCMs
uniformly throughout the concrete, the ratio of fine aggre-
gate to coarse aggregate was retained at 2.33 for all mixing
designs (Table 1).

5 Mechanical Properties and Durability
Indices

5.1 Compressive Strength

Improvement in the compressive strength of concrete sam-
ples by calcined marl and SF is clearly observed when
comparing Figs. 4, 5 and 6 for the ages of 7, 28 and 90
days, respectively. In particular, Fig. 6 shows that the
uppermost replacement of calcined marl (20%) occurs
when W/B is low (0.38) and SF is absent (SF=0%). In
this set of design (W/B =0.38), contribution of 7 and 10%
SF slightly reduces the activity of calcined marl. These
insights are the challenging part of this research and des-
ignate that calcined marl potentially contributes in poz-
zolanic and RC reactions, confirming the ASTM C618
requirement. The progressive substitution of calcined marl
at the age of 90 days leads to a compressive strength of
60 MPa, indicating that while an OPC paste sets within
several hours and attains most of its final strength at the
early ages of concrete, the calcined marl develops its full
strength within several months. For example, the compres-
sive strength value of the phase with 20% calcined marl
and W/B =0.38, shows an improvement of some 2.4-fold



International Journal of Civil Engineering (2018) 16:1549-1559

1555

from 7 to 90 days (Figs. 4, 6). This long-term in paste
performance is due to the difference between calcined marl
and OPC which is usually ascribed to the lack of alite
(C5S) and the presence of belite (C,S) in calcined marl
[e.g. 16, 32]. Consequently, significant exceeding in com-
pressive strength of calcined marl that of even excellent
contemporary OPC means that if calcined marl is used
in concrete for aggressive environments or in construc-
tions under water, its hardening will continue for a longer
period. This scenario is consistent with the dormant period
which is an interval between 1 and 26 weeks in which the
hydration of calcined marl occurs slowly and after this
time interval its hydration continues at a higher rate [14,
33].

By increasing the age from 7 to 90 days (Figs. 4, 5, 6),
substitution of SF in all specimens typically in low W/B
ratio of 0.38 shows an increase in compressive strength of
marl (up to 55 MPa). Although, by increasing the age all
mixes have been improved mechanically, but there are some
discrepancies and scattered results regarding to the admix-
ture of SF with calcined marl. For example, the appropri-
ate proportion of SF and calcined marl in low W/B ratio is
10 and 20%, respectively. In higher W/B ratios (0.42 and
0.45), a remarkable trend for reactions of 7 and 10% SF
is not observed. Commonly, in a certain age, mixes with
higher W/B ratios show lower compressive strength because
of decreasing viscosity and development of pores. In other
words, by increasing SF and W/B ratio, samples contain-
ing 10% calcined marl show better improvement than those
with 20%.

It is noteworthy that for most mixes at the age of 7 days
(Fig. 4), OPC mixes with/without SF show better improve-
ment compared with calcined marl. At this age, the obtained
strengths for all samples are nearly similar and considerable
(up to 30 MPa). This implies that at this age, the strength
of concrete mainly developed by OPC reactions. For most
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mix designs at the age of 28 days (Fig. 5), development of
compressive strength particularly for samples containing 10
and 20% calcined marl, is preferably observed. This develop-
ment is explained as the result of pozzolanic reactions and
micro-filler effects in concrete microstructures, produced by
calcined marl and SF [e.g. 13, 29, 34]. After the age of 28
days, the prolonged hydration time of belite phase in the cal-
cined marl produced C-S-H phases, leading to a significant
improvement in compressive strength of mixes (Fig. 6). In
these mixes for high W/B ratios, the optimum replacement is
10% for both SF and calcined marl. Collectively, differences
in the time of reaction, finer particle size of SF and variation
in quality of SCMs produced slightly scattered results for
mechanical strength.
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5.2 Tensile Strength

The procedure for obtaining the tensile strength results is by
breaking cylinders measuring 300 mm by 150 mm (Table 3),
following the recommendation of ASTM designation C496.
Figure 7 displays the results of splitting tensile strength tests
for concrete mixes in three W/B ratios of 0.38, 0.42 and
0.45% all were cured until the age of 28 days. The higher
tensile strengths (up to ~4.7 MPa) are observed when W/B
ratio is 0.38, especially for samples containing 10% cal-
cined marl when combined with 7 and 10% SF. The higher
splitting tensile strength indicates that at low W/B ratio,
appropriate viscosity and pozzolanic activity together with
filler effects of SCMs are essential physio-chemical factors
preventing crack or micro-crack development. For mixes
designed at higher W/B ratios (0.42 and 0.45), increasing
the W/B ratio lowered the viscosity of concrete, leading to
a deficiency for enhancement of tensile strength to some
extent. Regardless of the SCM proportioning, the mixes that
were designed at higher water level represent almost similar
tensile strengths (Fig. 7). This similarity implies that the
hydrophilicity of calcined marl possibly entrapped more
water molecules on its framework layers before entering
water to hydration reactions [e.g. 34-36].

5.3 Modulus of Rupture

Figure 8 displays the results of modulus of rupture based on
the third-point loading test in accordance with the ASTM
C78 designation. The test results were obtained for concrete
mixes with three W/B ratios of 0.38, 0.42 and 0.45% at the
age of 28 days. For all W/B ratios, mixes containing “10%
calcined marl and 7 to 10% SF”; and ‘“20% calcined marl
with 10% SF” show slightly higher modulus of ruptures (up
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Fig. 7 Splitting tensile strength (MPa) of different concrete mixes at
28 days
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to 13.5 MPa) compared to the control samples (SF 0% and
Marl 0%). The higher performance of these samples is the
result of pozzolanic reactions. At low W/B ratio (0.38) the
obtained modulus of ruptures for different mix designs are
high. However, in a certain mix design, significant difference
between performing the SCMs is not observed. The similar-
ity in the degree of development for OPC and calcined marl
in the age of 28 days is responsible for SF because in the
absence of SF, contribution of 20% calcined marl is always
recognised. By increasing the water ratio, slight scattering
data and lowering the strength are observed that may be
related to inhomogeneity of concrete. For all mixing designs
there is not significant different between the quality perfor-
mance of SCM proportions. This is attributable to the young
age of concretes which is 28 days and at this time long-term
progress of calcined marl has not been involved.

5.4 Ultrasonic Velocity (UV)

This test method was performed according to the ASTM
C597-16 for pulse velocity through hardened concretes and
is applicable to assess the uniformity and relative quality
of concrete, to indicate the presence of voids and cracks,
and to evaluate the effectiveness of crack repairs. It is also
applicable to indicate changes in the properties of concrete,
and in the survey of structures, to estimate the severity of
deterioration or cracking.

The results of UV tests for concrete mixes with three W/B
ratios of 0.38, 0.42 and 0.45%, all at the age of 28 days, are
presented in Fig. 9. Compared to control samples (SF0%
and marl 0%), a considerable increase in bulk UV (up to
4750 m/s) is observed for mixes at the W/B ratio of 0.38%
especially when the amount of calcined marl is 20%. Also,
the most important credit for calcined marl is observed in
all sets of W/B ratios when SF is absent (SF=0%), it rather
shows higher UV than control specimens (Fig. 9). This is a
particular evidence for calcined marl to be likely durable,
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self-sufficient and can produce high-quality concretes, inde-
pendently. However, at higher W/B ratios (0.42 and 0.45) all
mixes show lower UV and scattered results. When SF pro-
portions are 7 and 10%, a comparable development in UV
(equal to control samples) is observed that may be related
to the increase of density of mixes and filling pores, all of
which are characteristics of total SCMs [12, 13, 15].

5.5 Specific Electrical Resistance (ER)

The bulk electrical conductivity of hardened concretes was
determined according to the ASTM C1760-12 and illustrated
in Fig. 10. The ER for three sets of W/B ratios and differ-
ent amounts of SCMs at the age of 28 days shows distinct
improvement for all mixes containing calcined marl in the
presence or absence of SF, compared to control samples.
The higher progress of calcined marl is also incredible even
by increasing the water content (e.g. W/B =0.45). This
means that calcined marl developed its pozzolanic reactions
exceedingly and can perform a higher durability index than
SF and OPC. A significant increase in ER (nearby 200 Qm)
is pronounced in samples containing 20 and 10% calcined
marl, and 10% SF at low W/B ratio (0.38). It seems that at
lower W/B ratios, finer pore size distribution and less ionic
concentrations may be formed [30, 34] and possibly the
combination of calcined marl and SF beneficially increased
the ER results at 28 days [31]. The obtained ER data for
calcined marl designates new application of this material for
lowering the rate of corrosion of embedded reinforcing steel
after the break down of passivity [30, 31]. For this reason,
the present study emphasises that calcined marl is a useful
SCM for sustainable development purposes.
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6 Summary and Conclusions

The main conclusions of this experiment can be summarised
as follows:

e Marl, a calcareous clay containing CaCOj; as one of the
minerals, produces poorly crystalline silicate and alu-
minate minerals, when burnt at relatively low tempera-
ture (750 °C). The similarity in chemical composition of
calcined marl and RC indicates that calcined marl is a
suitable activated RC for both pozzolanic and long-term
reactions in concrete hardening. The long-term in paste
performance of calcined marl is due to the lack of alite
(C5S) in OPC and the presence of belite (C,S) in calcined
marl.

e Replacement of 10 and 20% of calcined marl for OPC
progressively improves the compressive strength (up to
60 MPa) of mixes designed at lower W/B ratio (0.38)
in a long-term period. The exceeding strength of 20%
calcined marl started after 28 days and continued to
higher amount of some 2.4-fold strength at the age of
90 days. Therefore, two strength development profiles
have identified, one characterises the pozzolanic reac-
tions until the age of 28 days and the other by a dor-
mant period which lasted for 90 days.

e By increasing SF and W/B ratios, at the age of 7
days mixes with proportions of 10 and 20% calcined
marl show a decrease in development (Fig. 4). At this
age, the OPC shows a better performance even in the
absence of SF. However, at the age of 28 days in this
set of design the trend reversely changed towards the
progressive replacement for mixes containing 10 and
20% calcined marl (Fig. 5). This consequence implies
that calcined marl performs its pozzolanic reactions,
independently.
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The results of splitting tensile strength tests (up to
4.7 MPa) and modulus of rupture (up to 13.5 MPa) for
concrete mixes with 10 and 20% calcined marl are mostly
higher than or hardly equal to the control mixes after 28
days.

Data obtained for ultrasonic velocity and specific electri-
cal resistance show that at the age of 28 days, pozzolanic
reactions of calcined marl probably created very dense
microstructures. In particular, the result of specific ER
(Fig. 10) records higher development for all samples of
calcined marl, compared with OPC. In this view, mixes
made by calcined marl are highly compacted.

As a final point, clear identification of the novel find-
ings for calcined marl include its higher development in
pozzolanic reactions than SF, its long-term enhancement
in mechanical strengths and durability indices, and bet-
ter performance in low water contents when compared
to OPC and SF. If the calcined marl would be used in
aggressive environments, the rate of cement corrosion
and deterioration of embedded reinforcing steel would
be reduced.
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