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Boron allowing stability of reactive belite phase in clinker production enhances neutron shielding
capability of cement. In the study, neutron attenuation factor of boron active belite cements at various fly
ash introduction was theoretically revealed by comparing with an alternative low heat cement (portland
composite cement). High temperature resistance of the cements with and without fly ash introduction
was determined on standard mortar prisms at elevated temperatures up to 900°C with regard to
compressive strength and flexural strength. Neutron shielding performance of boron active belite cement
was found almost 25 times higher than Portland composite cement. Fly ash introduction significantly
reduced the neutron attenuation factor of boron active belite cement. High temperature resistance of
boron active belite cement mortar was found lower than that of Portland composite cement mortar at
700°C at later curing time. 10% fly ash introduction improved the high temperature performance of
boron active belite cement mortar exposed to 900°C. Residual compressive strength values of the
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mortars containing fly ash were between 16% and 28% after exposing 900 °C.
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1. Introduction

Increment in nuclear applications with evolving technology
enforce researchers to work on efficiently shielding various types of
radiation derived from the applications used in many industrial
fields. Unlike to gamma rays, fast neutrons can be slowed down by
elastic collisions with moderator materials that are low atomic-
number elements (Z<16) such as commonly known hydrogen
and boron (Mehta and Monteiro, 2006; NCRP, 1957). When
compared to conventional concrete, with the 25—50% higher unit
weight (Lo Monte and Gambarova, 2014) and almost 30% higher
linear attenuation coefficient for gamma rays (Mostofinejad et al.,
2012), heavyweight barite concrete has become a famous
research topic in material and physical science (Gokge et al., 2018a).
Although the heavyweight concrete is known as satisfactory
shielding material (Mehta and Monteiro, 2006), recent studies
show that an optimization in shield design allow simultaneous
shielding neutrons and gamma rays (El-Khayatt, 2011; Akkurt and
El-Khayatt, 2013; Gokge et al., 2018b). Thus, effective shielding
materials for nuclear reactors can be achieved by mixing hydrog-
enous materials, heavy metal elements, and other neutron ab-
sorbers (El-Khayatt, 2011).
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Heavyweight concrete is generally formed by heavy aggregate
portion containing heavy elements such as barium and lead, and
paste portion providing hydrogenous moderator materials against
neutrons. Thus, enhancement in neutron shielding capability of the
paste can improve the total neutron shielding capability of the
concrete mixtures. It is well-known that boron-bearing materials
present enhanced neutron shielding capability in such cement-
based composites (Glinicki et al., 2018). However, Davraz (2015)
reported that boron compound retards setting time and impairs
strength of the cementitious products when used as an external
admixture.

On the other hand, conventional portland cement presenting
higher cost per ton causes more environmental damage than
blended and low carbon cements (Berriel et al., 2018). The indis-
pensable component for concrete production is produced in more
than 150 countries, and is consumed worldwide in many fields
(Shen et al., 2014). Recent studies have mainly focused on high
volume fly ash cementitious systems in order to benefit on superior
ultimate mechanical and durability properties, low permeability,
low heat of hydration and thermal cracking in addition to be
economically and environmentally friendly (Bilodeau and
Malhotra, 2000; Sahmaran and Li, 2009; Qiang et al., 2013; Park
and Noguchi, 2017; Hemalatha and Ramaswamy, 2017). However,
researchers emphasize some drawbacks of the high volume fly ash
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cementitious systems such as insufficient early strength due to
poor reaction rate (Lam et al., 2000; Zhang et al., 2000; Yazici et al.,
2005; Hemalatha and Sasmal, 2018).

In recent, low carbon cements are suggested as a best option to
meet the sustainability goals of cement industry (Berriel et al.,
2018). Reduction in the lime saturation factor of the raw feed in
the production of cement is resulted in belite-rich cement that is a
low carbon cement (Lawrence, 2004). With high content of belite
compound, belite-rich cement can be a suitable alternative to
response abovementioned demands of the field in similar way with
those of high volume fly ash systems. Gartner (2004 ) reported that
belite compound produces approximately 4.3 times less CH product
than alite compound. The reduction in CH product considerably
reduces pozzolan requirement of the cements, and thus, desired
benefits in the field may be achieved by lowering pozzolan content.
Taylor (1990) reported that five polymorphs of belite (C5S) exist at
ordinary pressure: v, B, or, oy and o. Chemical stabilization of the
reactive polymorphs of belite can be achieved by using many ele-
ments (stabilizers), of which the stabilizing effect is related to the
stabilizer amount and its nature. B*3 is effective ion in stabilization
of reactive belite phase and exhibits superior hydration kinetics
when compared to Fe*3, $*® and K* ions (Kim and Hong, 2004).

Boron active belite cement (BABC), a special type of cement
produced by presence of B,03 at 3—4%, allows low heat of hydration
and high ultimate strength (Aydin et al, 2018). In general,
byproduct of boric acid and borate is used for production of its
clinker (Yesilmen and Giirbiiz, 2012; Kunt et al., 2015). Lower CaCO3
content in belite cement production results in reduced decarbon-
ation, and thus lower CO; and NOx emissions (Kacimi et al., 2009).
Additionally, production process of BABC facilitates reduction in
energy consumption and CO, emission up to 25% (Saglik et al.,
2008). Replacing alite clinker by reactive belite clinker allows
improvement of long-term strength by decreasing Ca(OH), content
formed during its hydration, and consequently increases durability
(Kacimi et al., 2009). High temperature playing an important role in
nuclear reactor shields is one of the most important physical
deterioration processes that influences durability of concrete
structures (Morsy et al., 2012), and reduces density and shielding
capabilities (for both gamma rays and neutrons) of concrete
products (Sakr and El-Hakim, 2005; Yousef et al., 2008). It is well-
known that fire resistance of cementitious systems is considerably
affected by cement type and fly ash content (El-Didamony et al.,
2012; Lubloy, 2018). Mineral admixtures can help to the develop-
ment of microstructure by means of pozzolanic reaction, and thus
the stabilization of Ca(OH); released during cement hydration re-
sults in higher high-temperature resistance (Morsy et al.,, 2012). In
consequent, BABC may be a multi-featured material in cement and
concrete technology in point of both producing energy-efficient
low carbon cements and ensuring neutron shielding ability.

In this study, neutron shielding performance of energy-efficient
cements; boron active belite cement (BABC) and Portland com-
posite cement (PCC), were theoretically characterized at various fly
ash introduction levels by using elemental fractions of the blended
cements. Additionally, high temperature resistance of the cement
mortars was tested up to 900 °C in terms of compressive strength
and flexural strength.

2. Materials and methods
2.1. Materials

Boron active belite cement (BABC) was produced in the Goltas
Cement Plant in Turkey. CEM II/B-M (P-L) 32.5R type portland-

composite cement (PCC) supplied from Bastas Cement Inc. was
used as alternative low heat cement in accordance with EN 197-1

Table 1

Chemical and physical properties of binders.
Composition (%) BABC (Saglik et al., 2009) PCC FA
SiO, 191 3231 45.38
Al,05 4.68 7.05 19.74
Fe,03 3.42 3.30 7.47
Cao 57.1 47.33 15.22
B,0; 3.0 - -
MgO 132 1.21 2.79
SO3 2.68 2.72 5.63
Na,O 0.34 1.30 0.57
K,0 0.78 1.07 2.24
LOr* 3.82 247 0.87
Fineness, cm?/g 3562 4198 3392
Density, g/cm® 3.09 2.98 1.940

(2011). Type F fly ash (FA) used in the study was obtained from
Yatagan Power Plant in Turkey. Chemical and physical properties of
the binders are presented in Table 1.

2.2. Methods

In this study, neutron attenuation characteristics of BABC and
PCC were assessed for various FA replacement levels (0, 10, 20 and
30% by weight of cement). The linear neutron attenuation factors
including both incoherent scattering and absorption were theo-
retically calculated with the help of the online NCNR (2005)
computation program at 25meV (corresponds to 1.809 A-wave-
length) for simulating attenuation of thermal neutrons. Fig. 1 pre-
sents an example given user interfaces of the online computation
program used on calculation of neutron attenuation factors.
Moderating materials that are elements with low atomic number
(<16) slow down and absorb neutrons (NCRP, 1957). Thus, linear
neutron attenuation factors were related with moderator fractions
of the blended cements in this study.

In addition to control mixtures without FA, mortar series were
prepared by replacing 10%, 20% and 30% cement with FA (by
weight). These mixtures were designated consecutively by the type
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Fig. 1. User interfaces for data input (a) and analysis (b) of computation program.
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Table 2
Mix proportions.

Mix ID Cement, g Fly ash, g Aggregate, g Water, g Net w/b ratio Superplasticizer amount, %°
BO 450 0 1350 225 0.5 -

B10 405 45 1350 225 0.5 0.1

B20 360 90 1350 225 0.5 0.4

B30 315 135 1350 225 0.5 0.6

PO 450 0 1350 225 0.5 —

P10 405 45 1350 225 0.5 0.2

P20 360 90 1350 225 0.5 0.5

P30 315 135 1350 225 0.5 0.8

4 By weight of binder content.
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Fig. 2. Heating program of furnace.

of cement and the amount of the FA used, for example, the BABC
mortar mixture at 10% FA content was designated as B10. Mix
proportions of the mortars prepared in this study are given in
Table 2.

Mortar mixtures were kept in constant consistency by using
polycarboxylate-based superplasticizer in varying amounts. Thus,
the needed water corrections were done to keep constant the w/b
ratios of the mixtures. Mortar mixtures were placed into standard
prisms (40 x 40 x 160 mm) by using vibrating table in two layers.
The samples were demolded after 24 h and cured in tapping water
until the testing time (7, 28 and 90 days) at 20 + 2 °C.

In the study, effect of curing time and fly ash introduction on the
high temperature performance of the mortars were researched.
Specimens were placed into the chamber of cooled furnace in
laboratory conditions at 20 °C. Then, the specimens were exposed
to targeted elevated temperatures for 1 h after furnace reached to
the temperatures. Mortar series without FA were exposed to 100,
300, 500, 700°C at 7, 28 and 90-day curing periods. Moreover,
mortars having 0, 10, 20 and 30% FA (by weight of cement) were
examined at 100, 300, 500, 700 and 900 °C at 90-day curing period.
Cooling time was enough prolonged to avoid thermal shock effect
on specimen. Heating program of furnace having 1800 °C-heating
capacity is shown in Fig. 2 up to 900 °C.

EN 196-1 (2016) was followed in preparation and mechanical
tests (compressive strength and flexural strength) of mortar prisms

Table 3
Physical characteristics of cements.

(40 x 40 x 160 mm). The compressive strength tests were per-
formed on six pieces (40 x 40 x 40) left from flexural strength test
of the prisms.

3. Results and discussion
3.1. Some characteristics of cement pastes

Consistency, setting time and soundness of cements containing
0, 10, 20 and 30% FA (by weight of cement) were given in Table 3. In
general, FA introduction retarded initial setting time, and deterio-
rated soundness of the cement pastes.

3.2. Neutron shielding characteristic of cements

Elemental fractions and densities of all cements are presented in
Table 4. Linear neutron attenuation factors of the cements were
calculated by considering the characteristics of cements.

Linear neutron attenuation factors and relative variation values
are given in Fig. 3a for BABC, and in Fig. 3b for PCC according to FA
replacement amount. Linear attenuation factors were found as
0.515cm™! for BABC, and 0.021cm~' for PCC. FA introduction
considerably reduced (up to 34%) the linear attenuation factors of
BABC due to reduction in boron fraction. However, FA caused slight
reductions (up to 4%) in the linear attenuation factors of PCC. A
linear relationship (R®> = 1) was constituted between FA replace-
ment level and the linear attenuation factors for both cement types.

Relationships between linear attenuation factor and moderator
fraction of cements are given in Fig. 4a. And, Fig. 4b presents the
ratio of the linear attenuation factors of BABC to those of PCC at
each FA replacement content to emphasize the shielding efficiency
of BABC according to those of PCC. There is a good relation between
moderator fractions and the attenuation factors of the cements.
Neutron shielding ability of BABC was found 25 times higher than
that of PCC. FA introduction reduced the neutron attenuation effi-
ciency of BABC. Especially, at 30% FA content, the linear attenuation
factor of BABC was found almost 17 times higher than that of PCC.
Thus, in this shielding efficiency perspective, BABC should be
blended with minimum FA introduction allowing the required

Cement type FA replacement (%) Consistency (%) Initial setting (min) Final setting (min) Soundness (mm)
BABC 0 242 145 315 1.0

10 24.6 150 325 2.0

20 25.0 185 325 2.0

30 254 225 335 4.5
PCC 0 25.6 60 210 1.0

10 26.2 60 215 3.0

20 27.0 75 215 4.5

30 27.8 100 235 5.0
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Table 4
Elemental fractions and densities of cements.
Element Atomic number (Z) Boron active belite cement (BABC) Portland composite cement (PCC)
0% FA (ref) 10% FA 20% FA 30% FA 0% FA (ref) 10% FA 20% FA 30% FA
B 5 0.0101 0.0091 0.0081 0.0071 0.0000 0.0000 0.0000 0.0000
(6] 8 0.3691 0.3777 0.3862 0.3948 0.3910 0.3974 0.4037 0.4101
Na 11 0.0027 0.0029 0.0031 0.0032 0.0100 0.0094 0.0089 0.0083
Mg 12 0.0086 0.0095 0.0104 0.0112 0.0076 0.0086 0.0095 0.0105
Al 13 0.0268 0.0339 0.0410 0.0481 0.0388 0.0446 0.0505 0.0564
Si 14 0.0966 0.1088 0.1209 0.1331 0.1568 0.1630 0.1691 0.1752
S 16 0.0116 0.0128 0.0139 0.0151 0.0113 0.0125 0.0137 0.0149
K 19 0.0070 0.0082 0.0094 0.0106 0.0092 0.0102 0.0112 0.0122
Ca 20 0.4416 0.4086 0.3756 0.3427 0.3513 0.3274 0.3034 0.2795
Fe 26 0.0259 0.0287 0.0315 0.0342 0.0240 0.0269 0.0299 0.0329
Total 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Density, g/cm3 3.090 2975 2.860 2.745 2.980 2.876 2.772 2.668
Moderator fraction (Z < 16) 0.523 0.555 0.583 0.612 0.616 0.635 0.655 0.675
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Fig. 3. Linear neutron attenuation factors and relative values for BABC (a) and for PCC (b).

performance in terms of durability, strength, permeability, fire and
aggressive environment resistance, etc.

3.3. Effect of curing time and fly ash content on the compressive
strength of mortars

The compressive strength results of BABC and PCC mortars are
presented in Fig. 5a up to 90 days. The results of the BABC were
found to some extent higher than PCC at all curing ages. 7 and 90-
day compressive strength values of the mortars are given as relative
in Fig. 5b by considering that of 28-day (100%). There are small
strength variations between the both cements, and thus, effect of
the difference were ignored on the assessment of this study results.
Elongated curing time (90-day) considerably increased (27—31%)
the compressive strength values of both cement types according to
28-day results. Gokge et al. (2012) reported that strength devel-
opment of boron active belite cement and Portland composite
cement is more pronounced at later curing ages (up to 1 year) than
that of ordinary portland cement.

Ultimate compressive strength values (90-day) of the cement
mortars are presented in Fig. 6a according to FA replacement level.
Moreover, relative compressive strength values (%) of the mortars
are given in Fig. 6b by considering that of reference mixtures

without admixture as 100% in order to mention the effect of fly ash.
FA introduction reduced the compressive strength values of the
BABC and PCC mortars. 10% FA introduction caused a more pro-
nounced reduction in compressive strength of BABC mortars than
that of PCC. The reductions of PCC were found more remarkable at
the highest content of FA (30%). Unlike to results of this study, it is
known that such fly ash introduction can cause slight variations
(from 8% reduction to 6% increment) in compressive strength of
ordinary portland cement mortars at 90-day curing time
(Papadakis, 1999; Chindaprasirt and Rukzon, 2008). In this study,
the high reductions in compressive strength values are possibly
caused by the less reactivity of belite polymorphs in BABC, and by
less retained ordinary clinker proportion in PCC. Thus, such mix-
tures need elongated curing regimes in presence of FA.

3.4. Effect of high temperature on various curing periods

Effect of high temperatures (up to 700°C) on compressive
strength and flexural strength of cement mortars is given for 7, 28
and 90-day curing periods in Fig. 7a and Fig. 7b, respectively. It was
observed that high temperatures caused more damage on the
flexural strength results when compared to compressive strength
of mortars. The variation can be resulted from the destructive



996

IEI Neutron attenuation coeffcient for BABC, cm’!

60

40

30

20

Compressive strength, MPa

10

(=]

H.Siileyman Gokge / Journal of Cleaner Production 211 (2019) 992—1000

0.6 0.0210 30
0.0208 E
0.0206 3 ) 2
00204 5 | £ RE=1
0.4 : T = 20
00202 8 | B
oo | B
0.0200 8 | 3 15
5 =
<
0.0198 § ‘g‘
S| -2 10
02 00196 £ | &
8| &
00194 & | 7 S
2
[ ----- BABC PCC 00192 =
z
0.0 0.0190 0
0.50 0.55 0.60 0.65 0.70 |£| 0 10 20 30
Moderator fraction Fly ash, %
Fig. 4. Relation between moderator fraction and linear attenuation factor (a) and shielding efficiency of BABC (b).
140 131
®B0 OP0 518 i mB0 @P0 127 7
2=0.9997.....-@ j\: 120 7
40.8 oo Q.- Eﬁ 100 100
--------------- 47.1 S 100
o . R?=0.9932 = 7
& . ¥ [}
28.57. 7 36.0 z 80 70 73
P |
261 £
< o
- o
: o 40
: =
; = 20
. (]
3 ~ =
0 i
0 7 28 90

20 40 60 80 100 |£|
Curing time, day

Fig. 5. Effect of curing time on compressive strength (a) and relative compressive strength (b).

60 120
5 eB op

=3
(=}

0
(=]

Compressive strength, MPa
Relative compressive strength, %
D
(=}

20 40
10 20
0 0
0 10 20 30
@ Fly ash, % IEl

EB BP
100

0

Curing time, day

97
89 B gs 87
)
AN
10 20
Fly ash, %

86

Fig. 6. Effect of fly ash on 90-day compressive strength (a) and relative compressive strength (b).




H.Siileyman Gokge / Journal of Cleaner Production 211 (2019) 992—1000

[N
(=}

W
(=]

o
o

oot B0 (7-d)
- -= - B0 (28-d)
—e— B0 (90-d)
wosfyess PO (7-d)

- -3 - PO (28-d)
—6— P0 (90-d)

Compressive strength, MPa
[3*) (o8]
f=] (=]

(=]

0

|£|0 100

200 300 400
Temperature, °C

500 600 700 |£| 0 100

997

10
8
<
[=%
=
=
£6
=]
[}
g
= 4
5 oo BO (7-d)
B - -= - B0 (28-d)
&= —e— B0 (90-d)
2 s PO (7-d) oy
- -3 - P0 (28-d) A
—6—P0 (90-d)
0
200 300 400 500 600 700

Temperature, °C

Fig. 7. Effect of high temperature on compressive strength (a) and flexural strength (b) at various curing periods.

effects of micro-cracks formed at elevated temperatures on tension
rather than compression (Ciilfik and Ozturan, 2002).

Effect of high temperatures on relative compressive strength
values of mortars is given for 7, 28 and 90-day curing periods in
Fig. 8a by considering those of mortars at 20 °C as 100%. Moreover,
residual compressive strength rates of the mortars at 700°C are
presented in Fig. 8b according to original compressive strength
values of the mortars non-exposed to high temperature. At 7-day
specimens, relative compressive strength of BABC mortar remark-
ably increased (up to 51%) by increasing temperatures up to 300 °C.
At the same conditions, similar strength gain (up to 46%) was
observed in the PCC mortars. At 28-day specimens, relative
compressive strength increment (45%) of PCC mortars was found
significantly higher at 300 °C than that (18%) of BABC mortars. At
90-day specimens, BABC mortars showed less resistance to high
temperatures at 500 and 700 °C unlike to at 100 and 300 °C when
compared to that of PCC mortars. While residual compressive
strength of BABC mortar at 700 °C was found higher at early curing
time (7 days), PCC mortars were resulted in higher residual
compressive strength results at later ages (28 and 90 days).

Significant increments (up to 51%) in compressive strength of
the mortars at 300 °C express the slow reaction of BABC and PCC in
the study. Such high temperatures accelerate the hydration of the
cements especially at 7-day curing time. Micro-cracks are not
formed in either hardened cement phase or interfacial transition
zone up to 200°C (Lin et al, 1996; Li et al., 1999). Hydration of
unhydrated cement grains is improved by steam effect of internal
autoclaving condition and evaporation of water at 300°C in
particularly high strength concrete with high resistance to moisture
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flow (Saad et al., 1996; Ma et al., 2015). Moreover, increase in
compressive strength can be observed by the hydration of anhy-
drated pozzolan particles which are activated with temperature
rise (Morsy et al., 2008). Therefore, compressive strength of con-
crete keeps constant, or even slightly increases up to 300 °C (Ma
et al., 2015). However, hydration products, CH and C-S-H, are
decomposed almost at 450 °C and over temperatures (Morsy et al.,
2010; Heikal et al., 2013). Thus, compressive strength of the
cementitious systems significantly reduces after the certain
temperatures.

3.5. Effect of high temperature at various fly ash content

Effect of high temperatures (up to 900°C) on ultimate
compressive strength (90-day) and flexural strength values of
cement mortars containing FA is given in Fig. 9a and Fig. 9b,
respectively. It was observed that high temperatures caused more
damage on the flexural strength results when compared to
compressive strength of mortars. Because destructive effects of
micro-cracks formed at elevated temperatures are more pro-
nounced on tension rather than compression as stated before
(Ciilfik and Ozturan, 2002), reduction in flexural strength values is
more than compressive strength values.

Effect of high temperatures on ultimate compressive strength
values of mortars containing FA is relatively given for BABC in
Fig. 10q, and for PCC in Fig. 10b by considering the mortars non-
exposed to elevated temperatures as 100%. 30% FA introduction
impaired the ultimate compressive values of BABC mortar at
elevated temperatures. 10% and 20% FA introduction can be a
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suitable amount for BABC thanks to its slight variation effect on
ultimate compressive strength values. 20 and 30% FA introduction
improved the high temperature resistance of PCC mortar at 300 °C
unlike at 700 °C. Mineral admixtures can help to the development
of microstructure by means of pozzolanic reaction, and thus the
stabilization of CH released during cement hydration can improve
the high-temperature resistance (Morsy et al., 2012). On the other
hand, belite compound produces significantly less CH product than
alite compound (Gartner, 2004). The reduction in CH product will
considerably reduce pozzolan requirement in such cements.
Therefore, reduction in compressive strength results at elevated
temperatures showed that 30% FA content is higher for BABC
mortars in this study. Similarly, Heikal et al. (2013) reported that
overdose FA impaired the high temperature resistance of portland
cement mortars.

Effect of FA on relative compressive strength of mortars exposed
to 900°C is presented in Fig. 11a by considering the mixtures
without FA as 100%. 10% FA introduction in BABC mortar improved
its resistance to high temperature at 900 °C. Moreover, reductions
in compressive strength of mortars were found more pronounced
in PCC mortars at 20 and 30% FA introduction according to BABC
mortars. Thus, FA in low replacement level (10%) is promising for
mortars exposed to such temperatures. Residual compressive
strength values of the mortars at 900 °C are given in Fig. 11b ac-
cording to original compressive strength values of the mortars non-
exposed to high temperature. The residual compressive strength of
BABC mortar at 900°C was found more satisfactory at 10% FA
introduction than those of BABC and PCC mortars with and without

FA. However, out of the satisfactory result, FA introduction at any
replacement level slightly affected on the residual compressive
strength values (16—21%) of mortars at 900 °C. Because gehlenite is
formed in portland cement mortars containing FA at 900 °C, pores
are filled by such phases, and interfacial transition zone is enhanced
between cement matrix and aggregate (Aydin and Baradan, 2007;
Aydin, 2008). Moreover, Ma et al. (2015) reported that incorpora-
tion of FA in portland cement can remain the mechanical properties
of concrete at a higher level after exposing to 900 °C.

Hertz (2005) expressed that concrete can recover itself at tem-
peratures below 300 °C by the absorbing moisture from air, while
strength loss is permanent when the micro-cracks is formed. Such
strength loss of mortars observed in this study might have
accompanied by significant weight loss as known from the results
presented by Arioz (2007) and Sancak et al. (2008). The weight loss
can reach up to 20% in hydrated ordinary Portland cement paste at
900 °C (Arioz, 2007). Hertz reported that the reductions are caused
by the released of physically and chemically bound water from
hydrated cement product (Hertz, 2005). The loss in weight and H
fraction that is an important neutron moderator can significantly
impair the radiation shielding efficiency against gamma rays and
neutrons at high temperatures. Yousef et al. (2008) reported that
loss in strength and density of concrete mixtures is accompanied by
loss in neutron and gamma-ray attenuation ability. Thus, high re-
sidual strength of the mortars in the study is an indication of higher
hydrogen retention ability and better neutron shielding perfor-
mance at high temperature cases.
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Fig. 11. Effect of FA on relative compressive strength (a) and residual compressive strength (b) at 900 °C.

3.6. Detail of statistical analysis for flexural and compressive
strength results

In this study, flexural strength results of cement mortars were
determined on three prism specimens. The compressive strength
test was performed on the halves of the broken prism specimens
according to EN 196-1 (2016). Thus, compressive strength test was
repeated on six specimens for each mortar series. Coefficient of
variance (CoV) of flexural strength results and compressive
strength results was reach up to 21% and 9%, respectively. Flexural
strength results performed according to EN 196-1 (2016) may not
be similar due to inconsistent broken prisms in three-point
method, especially in low strength values. In general, CoV values
of the mortar series were found higher when the specimens
exposed to high temperatures in this study.

4. Conclusions

Cement industry has recently focused on the sustainability of its
products in terms of economic and ecologic awareness. Boron
active belite cement can support the sustainability gains in addition
to superior shielding performance against neutrons. Because fire
plays an important role on shielding and mechanical performance
of the cementitious products, their resistances to high tempera-
tures is needed to be research. The following conclusions can be
drawn about neutron attenuation capability of boron active belite
cement and Portland composite cement, and high temperature
performance of their mortars containing fly ash in the study:

- The neutron attenuation factor of boron active belite cement
was found 25 times higher than that of portland composite
cement. Fly ash introduction significantly decreased the neutron
attenuation factor of boron active belite cement due to causing
major reduction in boron fraction of the blended cements. Thus,
the shielding performance reduced from 25 times to 17 times by
the introduction of fly ash from 0% to 30%, respectively.
It is clear from the study that effect of high temperature is more
destructive on the flexural strength of mortar prism when
compared to compressive strength.
7 and 28-day compressive strength values of mortars without
fly ash remarkably improved at 300°C. Residual compressive
strength values of the boron active belite cement mortars
exposed to 700°C were found poorer than those of portland
composite cement at 28 and 90-day.
- 10% fly ash introduction remarkably increased (23%) the resis-
tance of boron active belite cement mortar exposed to 900 °C.

30% fly ash introduction significantly reduced the high tem-
perature resistance of boron active belite cement mortars. Re-
sidual compressive strength of boron active belite cement
mortars at 900 °C was found higher than portland composite
cement at 10% fly ash introduction. 20% fly ash introduction in
mortars showed almost similar residual results to those of
mortars without fly ash at 900 °C. However, 30% fly ash intro-
duction reduced the residual results in boron active belite
cement mortar.

Author of the study recommends use of boron active belite
cement in heavyweight concrete production instead of ordinary
portland cement to improve the simultaneous shielding effi-
ciency for neutrons and gamma rays. Additionally, mechanical
performance of the cement is promising up to 300 °C at even 10
and 20% fly ash introductions, thus it can be a satisfactory
alternative for coating of nuclear reactor or radioactive sources.

References

Akkurt, I, EI-Khayatt, A.M., 2013. The effect of barite proportions on neutron and
gamma-ray shielding. Ann. Nucl. Energy 51, 5-9. https://doi.org/10.1016/j.
anucene.2012.08.026.

Arioz, 0., 2007. Effects of elevated temperatures on properties of concrete. Fire Saf. J.
42, 516—522. https://doi.org/10.1016/j.firesaf.2007.01.003.

Aydin, A.C., Hasiloglu Aras, U.G., Kotan, T., Oz, A., 2018. Effect of boron active belite
cement on the compressive strength of concrete exposed to high temperatures.
J. Civ. Construct. Environ. Eng. 3, 47-52. https://doi.org/10.11648/j.jccee.
20180303.11.

Aydin, S., 2008. Development of a high-temperature-resistant mortar by using slag
and pumice. Fire Saf. J. 43, 610—617. https://doi.org/10.1016/j.firesaf.2008.02.
001.

Aydin, S., Baradan, B., 2007. Effect of pumice and fly ash incorporation on high
temperature resistance of cement based mortars. Cem. Concr. Res. 37, 988—995.
https://doi.org/10.1016/j.cemconres.2007.02.005.

Berriel, S.S., Ruiz, Y., Sdnchez, LR., Martirena, J.F, Rosa, E., Habert, G., 2018. Intro-
ducing low carbon cement in Cuba—A life cycle sustainability assessment study.
In: Martirena, F, Favier, A., Scrivener, K. (Eds.), Calcined Clays for Sustainable
Concrete. RILEM Bookseries 16. Springer, Dordrecht, pp. 415—421. https://doi.
org/10.1007/978-94-024-1207-9_67.

Bilodeau, A., Malhotra, V.M., 2000. High-volume fly ash system: concrete solution
for sustainable development. ACI Mater. J. 97, 41—48.

Chindaprasirt, P, Rukzon, S., 2008. Strength, porosity and corrosion resistance of
ternary blend Portland cement, rice husk ash and fly ash mortar. Constr. Build.
Mater. 22, 1601—-1606. https://doi.org/10.1016/j.conbuildmat.2007.06.010.

Ciilfik, M.S., Ozturan, T., 2002. Effect of elevated temperatures on the residual
mechanical properties of high-performance mortar. Cem. Concr. Res. 32,
809-816. https://doi.org/10.1016/S0008-8846(02)00709-3.

Davraz, M., 2015. The effect of boron compound to cement hydration and
controllability of this effect. Acta Phys. Pol. A 128, B26—B33.

El-Didamony, H., Abd El-Rahman, E., Osman, R.M., 2012. Fire resistance of fired clay
bricks-fly ash composite cement paste. Ceram. Int. 38, 201—209. https://doi.org/
10.1016/j.ceramint.2011.06.050.

El-Khayatt, A.M., 2011. A program for calculating attenuation coefficients of fast
neutrons and gamma-rays. Ann. Nucl. Energy 38, 128—132. https://doi.org/10.
1016/j.anucene.2010.08.003.


https://doi.org/10.1016/j.anucene.2012.08.026
https://doi.org/10.1016/j.anucene.2012.08.026
https://doi.org/10.1016/j.firesaf.2007.01.003
https://doi.org/10.11648/j.jccee.20180303.11
https://doi.org/10.11648/j.jccee.20180303.11
https://doi.org/10.1016/j.firesaf.2008.02.001
https://doi.org/10.1016/j.firesaf.2008.02.001
https://doi.org/10.1016/j.cemconres.2007.02.005
https://doi.org/10.1007/978-94-024-1207-9_67
https://doi.org/10.1007/978-94-024-1207-9_67
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref7
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref7
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref7
https://doi.org/10.1016/j.conbuildmat.2007.06.010
https://doi.org/10.1016/S0008-8846(02)00709-3
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref10
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref10
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref10
https://doi.org/10.1016/j.ceramint.2011.06.050
https://doi.org/10.1016/j.ceramint.2011.06.050
https://doi.org/10.1016/j.anucene.2010.08.003
https://doi.org/10.1016/j.anucene.2010.08.003

1000 H.Siileyman Gokge / Journal of Cleaner Production 211 (2019) 992—1000

EN 196-1, 2016. Methods of Testing Cement - Part 1: Determination of Strength.
European Committee for Standardization, CEN, Brussels.

EN 197-1, 2011. . Cement - Part 1: Composition, Specifications and Conformity
Criteria for Common Cements. European Committee for Standardization, CEN,
Brussels.

Gartner, E., 2004. Industrially interesting approaches to “low-CO,” cements. Cem.
Concr. Res. 34, 1489—1498. https://doi.org/10.1016/j.cemconres.2004.01.021.
Glinicki, M.A., Antolik, A., Gawlicki, M., 2018. Evaluation of compatibility of neutron-
shielding boron aggregates with Portland cement in mortar. Constr. Build.

Mater. 164, 731—738. https://doi.org/10.1016/j.conbuildmat.2017.12.228.

Gokege, H.S., Canbaz Oztiirk, B., Cam, N.F, Andi¢-Cakir, O., 2018a. Gamma-ray
attenuation coefficients and transmission thickness of high consistency
heavyweight concrete containing mineral admixture. Cem. Concr. Compos. 92,
56—69. https://doi.org/10.1016/j.cemconcomp.2018.05.015.

Gokge, H.S., Simsek, O., Andi¢-Cakir, O., Kaplan, G., 2012. Strength development of
boron active belite cement containing silica fume and fly ash. In: 10™ Inter-
national Congress on Advances in Civil Engineering. CD-ROM, Ankara, Turkey.

Gokge, H.S., Yalginkaya, C., Tuyan, M., 2018b. Optimization of reactive powder
concrete by means of barite aggregate for neutrons and gamma-rays. Constr.
Build. Mater. 189, 470—477. https://doi.org/10.1016/j.conbuildmat.2018.09.022.

Heikal, M., El-Didamony, H., Sokkary, T.M., Ahmed, L.A., 2013. Behavior of composite
cement pastes containing microsilica and fly ash at elevated temperature.
Constr. Build. Mater. 38, 1180—1190. https://doi.org/10.1016/j.conbuildmat.2012.
09.069.

Hemalatha, T., Ramaswamy, A., 2017. A review on fly ash characteristics—Towards
promoting high volume utilization in developing sustainable concrete.
J. Clean. Prod. 147, 546—559. https://doi.org/10.1016/j.jclepro.2017.01.114.

Hemalatha, T.,, Sasmal, S., 2018. Early-age strength development in fly ash blended
cement composites: investigation through chemical activation. Mag. Concr. Res.
(Ahead of Print) https://doi.org/10.1680/jmacr.17.00336.

Hertz, K.D., 2005. Concrete strength for fire safety design. Mag. Concr. Res. 57,
445-453. https://doi.org/10.1680/macr.2005.57.8.445.

Kacimi, L., Simon-Masseron, A., Salem, S., Ghomari, A., Derriche, Z., 2009. Synthesis
of belite cement clinker of high hydraulic reactivity. Cem. Concr. Res. 39,
559—565. https://doi.org/10.1016/j.cemconres.2009.02.004.

Kim, Y.-M., Hong, S.-H., 2004. Influence of minor ions on the stability and hydration
rates of B-dicalcium silicate. J. Am. Ceram. Soc. 87, 900—905. https://doi.org/10.
1111/j.1551-2916.2004.00900.x.

Kunt, K., Dur, F, Ertinmaz, B., Yildirim, M., Derun, E., Piskin, S., 2015. Utilization of
boron waste as an additive for cement production. Celal Bayar Univ. ]J. Sci. 11,
383—389.

Lam, L., Wong, Y.L., Poon, C.S., 2000. Degree of hydration and gel/space ratio of high-
volume fly ash/cement systems. Cem. Concr. Res. 30, 747—756. https://doi.org/
10.1016/S0008-8846(00)00213-1.

Lawrence, C.D., 2004. The production of low-energy cement. In: Hewlett, P.C. (Ed.),
Lea's Chemistry of Cement and Concrete, fourth ed. Elsevier Science and
Technology Books, pp. 421—470.

Li, XJ., Li, Z]., Onofrei, M., Ballivy, G., Khayat, KH., 1999. Microstructural charac-
teristics of HPC under different thermo-mechanical and thermo-hydraulic
conditions. Mater. Struct. 32, 727—733. https://doi.org/10.1007/BF02905069.

Lin, W.-M,, Lin, T.D., Powers-Couche, LJ., 1996. Microstructures of fire-damaged
concrete. ACI Mater. J. 93, 199—-205.

Lo Monte, F,, Gambarova, P.G., 2014. Thermo-mechanical behavior of baritic con-
crete exposed to high temperature. Cem. Concr. Compos. 53, 305—315. https://
doi.org/10.1016/j.cemconcomp.2014.07.009.

Lubldy, E., 2018. Heat resistance of portland cements. J. Therm. Anal. Calorim. 132,
1449—1457. https://doi.org/10.1007/s10973-018-7132-z.

Ma, Q., Guo, R, Zhao, Z, Lin, Z., He, K., 2015. Mechanical properties of concrete at
high temperature-A review. Constr. Build. Mater. 93, 371—-383. https://doi.org/
10.1016/j.conbuildmat.2015.05.131.

Mehta, P.K., Monteiro, PJ.M., 2006. Concrete: Microstructure, Properties, and Ma-
terials, third ed. McGraw-Hill, USA.

Morsy, M.S., Alsayed, S.H. Agel, M., 2010. Effect of elevated temperature on

mechanical properties and microstructure of silica flour concrete. Int. J. Civ.
Environ. Eng. 10, 1-5.

Morsy, M.S., Al-Solloum, Y.A., Abbas, Alsayed, S.H., 2012. Behavior of blended
cement mortars containing nano-metakaolin at elevated temperatures. Constr.
Build. Mater. 35, 900—905. https://doi.org/10.1016/j.conbuildmat.2012.04.099.

Morsy, M.S., Rashad, A.M., Shebl, S.S., 2008. Effect of elevated temperature on
compressive strength of blended cement mortar. Build. Res. J. 56, 173—185.

Mostofinejad, D., Reisi, M., Shirani, A., 2012. Mix design effective parameters on vy-
ray attenuation coefficient and strength of normal and heavyweight concrete.
Constr. Build. Mater. 28, 224—229. https://doi.org/10.1016/j.conbuildmat.2011.
08.043.

NCNR, 2005. Compute Neutron Attenuation and Activation. NIST Center of Neutron
Research, USA. https://www.ncnr.nist.gov/index.html. (Accessed 1 May 2018).

NCRP (National Committee on Radiation Protection and Measurements), 1957.
Protection against Neutron Radiation up to 30 Million Electron Volts. Report No.
20., NBS Handbook, vol 63. National Bureau of Standards, USA.

Papadakis, V.G., 1999. Effect of fly ash on Portland cement systems: Part I. Low-
calcium fly ash. Cem. Concr. Res. 29, 1727—-1736. https://doi.org/10.1016/
S0008-8846(99)00153-2.

Park, K.-B., Noguchi, T., 2017. Effects of mixing and curing temperature on the
strength development and pore structure of fly ash blended mass concrete. Adv.
Mater. Sci. Eng. 3452493, 2017. https://doi.org/10.1155/2017/3452493.

Qiang, W., Peiyu, Y., Jinging, F.,, 2013. Design of high-volume fly ash concrete for
massive foundation slab. Mag. Concr. Res. 65, 71—81. https://doi.org/10.1680/
macr.11.00154.

Saad, M., Abo-El-Enein, S.A., Hanna, G.B., Kotkata, M.F.,, 1996. Effect of temperature
on physical and mechanical properties of concrete containing silica fume. Cem.
Concr. Res. 26, 669—675. https://doi.org/10.1016/S0008-8846(96)85002-2.

Saglik, A., Sumer, O., Tung, E., Kocabeyler, M.E, Celik, R.S., 2008. The characteristics
of Boron modified active belite cement and its utilization in mass and con-
ventional concrete. In: Proceedings of the 11th International Conference on
Durability of Building Materials and Components. Istanbul, Turkey,
pp. 585—594.

Saglik, A., Stimer, O., Tung, E., Kocabeyler, M.E, Celik, R.S., 2009. Boron modified
active belite (BAB) cement and its applicability for DSI projects. DSI Tech. Bull.
105, 1-22 (in Turkish).

Sahmaran, M., Li, V.C,, 2009. Durability properties of micro-cracked ECC containing
high volumes fly ash. Cem. Concr. Res. 39, 1033—1043. https://doi.org/10.1016/j.
cemconres.2009.07.009.

Sakr, K., El-Hakim, E., 2005. Effect of high temperature or fire on heavy weight
concrete properties. Cem. Concr. Res. 35, 590—596. https://doi.org/10.1016/j.
cemconres.2004.05.023.

Sancak, E. Sari, Y.D., Simsek, O., 2008. Effects of elevated temperature on
compressive strength and weight loss of the light-weight concrete with silica
fume and superplasticizer. Cem. Concr. Compos. 30, 715—721. https://doi.org/10.
1016/j.cemconcomp.2008.01.004.

Shen, L., Gao, T., Zhao, J., Wang, L., Wang, L., Liu, L., Chen, F, Xue, ]., 2014. Factory-
level measurements on CO, emission factors of cement production in China.
Renew. Sust. Energy Rev. 34, 337—349. https://doi.org/10.1016/j.rser.2014.03.
025.

Taylor, HEW., 1990. Cement Chemistry. Academic Press, London.

Yazici, H., Aydin, S., Yigiter, H., Baradan, B., 2005. Effect of steam curing on class C
high-volume fly ash concrete mixtures. Cem. Concr. Res. 35, 1122—1127. https://
doi.org/10.1016/j.cemconres.2004.08.011.

Yesilmen, S., Giirbiiz, A., 2012. Evaluation of boron ore in cement production. Mater.
Manuf. Process. 27, 1245—1250. https://doi.org/10.1080/10426914.2012.675538.

Yousef, S., AlNassar, M., Naoom, B., Alhajali, S., Kharita, M.H., 2008. Heat effect on
the shielding and strength properties of some local concretes. Prog. Nucl. En-
ergy 50, 22—26. https://doi.org/10.1016/j.pnucene.2007.10.003.

Zhang, Y.M., Sun, W,, Yan, H.D., 2000. Hydration of high-volume fly ash cement
pastes. Cem. Concr. Compos. 22, 445—452. https://doi.org/10.1016/S0958-
9465(00)00044-5.


http://refhub.elsevier.com/S0959-6526(18)33676-X/sref13
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref13
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref14
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref14
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref14
https://doi.org/10.1016/j.cemconres.2004.01.021
https://doi.org/10.1016/j.conbuildmat.2017.12.228
https://doi.org/10.1016/j.cemconcomp.2018.05.015
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref18
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref18
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref18
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref18
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref18
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref18
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref18
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref18
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref18
https://doi.org/10.1016/j.conbuildmat.2018.09.022
https://doi.org/10.1016/j.conbuildmat.2012.09.069
https://doi.org/10.1016/j.conbuildmat.2012.09.069
https://doi.org/10.1016/j.jclepro.2017.01.114
https://doi.org/10.1680/jmacr.17.00336
https://doi.org/10.1680/macr.2005.57.8.445
https://doi.org/10.1016/j.cemconres.2009.02.004
https://doi.org/10.1111/j.1551-2916.2004.00900.x
https://doi.org/10.1111/j.1551-2916.2004.00900.x
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref26
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref26
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref26
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref26
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref26
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref26
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref26
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref26
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref26
https://doi.org/10.1016/S0008-8846(00)00213-1
https://doi.org/10.1016/S0008-8846(00)00213-1
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref28
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref28
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref28
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref28
https://doi.org/10.1007/BF02905069
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref30
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref30
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref30
https://doi.org/10.1016/j.cemconcomp.2014.07.009
https://doi.org/10.1016/j.cemconcomp.2014.07.009
https://doi.org/10.1007/s10973-018-7132-z
https://doi.org/10.1016/j.conbuildmat.2015.05.131
https://doi.org/10.1016/j.conbuildmat.2015.05.131
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref34
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref34
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref35
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref35
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref35
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref35
https://doi.org/10.1016/j.conbuildmat.2012.04.099
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref37
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref37
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref37
https://doi.org/10.1016/j.conbuildmat.2011.08.043
https://doi.org/10.1016/j.conbuildmat.2011.08.043
https://www.ncnr.nist.gov/index.html
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref40
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref40
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref40
https://doi.org/10.1016/S0008-8846(99)00153-2
https://doi.org/10.1016/S0008-8846(99)00153-2
https://doi.org/10.1155/2017/3452493
https://doi.org/10.1680/macr.11.00154
https://doi.org/10.1680/macr.11.00154
https://doi.org/10.1016/S0008-8846(96)85002-2
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref45
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref45
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref45
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref45
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref45
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref45
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref45
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref45
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref46
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref46
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref46
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref46
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref46
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref46
https://doi.org/10.1016/j.cemconres.2009.07.009
https://doi.org/10.1016/j.cemconres.2009.07.009
https://doi.org/10.1016/j.cemconres.2004.05.023
https://doi.org/10.1016/j.cemconres.2004.05.023
https://doi.org/10.1016/j.cemconcomp.2008.01.004
https://doi.org/10.1016/j.cemconcomp.2008.01.004
https://doi.org/10.1016/j.rser.2014.03.025
https://doi.org/10.1016/j.rser.2014.03.025
http://refhub.elsevier.com/S0959-6526(18)33676-X/sref51
https://doi.org/10.1016/j.cemconres.2004.08.011
https://doi.org/10.1016/j.cemconres.2004.08.011
https://doi.org/10.1080/10426914.2012.675538
https://doi.org/10.1016/j.pnucene.2007.10.003
https://doi.org/10.1016/S0958-9465(00)00044-5
https://doi.org/10.1016/S0958-9465(00)00044-5

	High temperature resistance of boron active belite cement mortars containing fly ash
	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.2. Methods

	3. Results and discussion
	3.1. Some characteristics of cement pastes
	3.2. Neutron shielding characteristic of cements
	3.3. Effect of curing time and fly ash content on the compressive strength of mortars
	3.4. Effect of high temperature on various curing periods
	3.5. Effect of high temperature at various fly ash content
	3.6. Detail of statistical analysis for flexural and compressive strength results

	4. Conclusions
	References


