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Traditional Portland Cement is used extensively in the construction industry today. Portland Cement has a gray
color and has been explored with numerous substitutes. With the increasing interest in concrete technology, the
interest in composite materials with higher performance and strength has gained more importance. White
Cement (WC) is an important cement type in this field. However, studies of substitute materials for White Cement
are limited and more research is needed. In this study, while White Cement and clay brick powder (CBP) were
substituted at three different rates (5%, 10%, and 15%), three different fibers (copper-coated (CC) steel fiber,
crimped (C) steel fiber, and basalt (B) fiber) were used at the ratio of 0.4% to examine the effect of fibers at the
same time. The compressive and flexural strengths of the prepared series were investigated for 28 and 90 days.
Three different durability tests were applied after 90 days: elevated-temperature test (250, 500, and 750 °C),
freezing-thawing test (90 cycles), and sulfate effect (90 days). Following the durability tests, weight and strength
values were compared. In addition, SEM and XRD analyzes were made while making comparisons before and
after the durability test of the samples and a visual examination was made in the durability conditions. The use of
5% brick powder increased the strength values due to the formation of C-A-S-H and C-S-H gels due to its higher
Al;03 and SiOy content, while the use of higher brick powder caused a decrease in strength. While the fibers
contributed positively to the strength values, the highest increase was in the longer crimped steel fiber added
sample and the lowest increase was in the shorter copper-coated steel fiber added sample. While there was a 13%
increase in compressive strength in the crimped steel fiber and 5% brick dust added sample compared to the
control sample, there was a 21% increase in flexural strength. As a result of the durability tests, the samples
behaved in similar order and maintained their stability despite significant losses.

1. Introduction

Cementitious materials hold inevitable importance among the
various materials used in construction applications. Economical and
structural advantages are the main reasons that contribute to making
cement-based composites extensive, constructors always tend to
conduct structural works with materials that are comparable in all as-
pects. In addition to that, cement-based composites are sufficiently
detailed in the local and international standards worldwide, which
makes them preferable in design procedures.

However, the production process of cement causes different envi-
ronmental problems, it starts with consuming natural resources and
energy and ends with carbon dioxide emissions which are considered
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one of the major reasons for pollution. In this field, the worldwide sta-
tistics proved the fact that the cement industry is causing at least 7-8%
of the total CO2 emissions around the globe. Not to mention the other
emissions that accompany the process of cement production like carbon
monoxide and other greenhouse gases [1-4].

Also, composites that are manufactured based on cementitious ma-
terials are prone to different physical, chemical, and structural draw-
backs. Critical factors in this process (cement type, mix proportions, the
existence of admixtures, curing details.... etc.) play an important role in
determining the properties of the resulting composite such as strength,
durability, and long-term properties [5,6].

The aforementioned disadvantages are the main motivating factor
for many researchers to enhance the final cementitious product, various
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experimental attempts were conducted in this concern to minimize the
environmental footprint or to improve the properties of the fabricated
material. Partial or full replacement of cement with other materials such
as waste materials or naturally available unused materials represented
the core of the research performed in this field [7-9].

Although some research ideas were also based on using other types of
cement, they were beneficial in illustrating the main concept of com-
parison between various types of cement. For instance, Ginting et al.
[10] conducted an experimental investigation to compare gray and
White Cement concerning their fresh and hardened properties. The
conclusions revealed the fact that fabricating White Cement composites
yielded relatively weaker performance in the fresh state but a significant
improvement in terms of compressive and tensile strengths. This is
related to the fact that silicate percentages were relatively higher in
White Cement which contributes to enhancing the ultimate strength of
the fabricated specimens.

Yang et al. [11] investigated the effect of combined wetting—drying
cycles along with external sulfate attack on white cement-based mortars
by conducting some microstructural analyses. The main findings of the
research stated the fact that Ettringite is the principal cause for de-
teriorations that are caused by the aforementioned exposure types.

Zhang et al. [12] researched to examine the effect of incorporating
different Nanoparticles on the hydration mechanism and strength
properties of white cement-based mortar. The main conclusions of this
work revealed the fact that Nanoparticles helped to decrease the initial
and final setting times of the matrix, also, the strength of the fabricated
specimens was improved because of the achieved compactness as well as
the good degree of bonding between the matrix and the used
Nanoparticles.

Some research topics were aiming to enhance the performance of the
cementitious matrix by using blended cement types of cement of using
special types of cement which are designated for different aspects.
Joshaghani [13] conducted experimental research to highlight the
importance of using titanium nanoparticles as a replacement for lime-
stone cement mortar. The findings of the research showed that the ex-
istence of these particles helped in improving the microstructure of the
cementitious matrix as well as the resistance to chloride penetration.

On the other hand, using materials such as ceramic waste or brick
waste as a partial replacement within the cementitious matrix. This
approach is advantageous in terms of sustainability and utilizing waste.
Furthermore, using such materials might be a reason for improving the
properties of the resulting material in terms of strength and performance
against various conditions.

Within this scope, many research attempts were carried out to
investigate the effect of using the aforementioned materials. Huang et al.
[14] tested the effect of using waste clay brick on the mechanical
properties and water absorption of the fabricated mortar specimens, the
results showed that using the aforementioned waste material helped in
improving mechanical properties as well as the bonding degree and the
rate of hydration for the resulting binding materials.

Lam [15] investigated the feasibility of using clay powder waste on
the heat performance of the fabricated composites that contained this
waste along with Portland cement, the main findings of the research
stated that the replacement used yielded adequate performance in terms
of heat resistance in 800 °C and 1000 °C. Also, the using clay brick
powder resulted in creating a sintering effect in the fabricated matrix
which helped in enhancing the thermal stability of the mortars.

Also, Shao et al. [16] performed a study to illustrate the pozzolanic
behavior of cement-clay brick powder blended pastes, their study was
based on the concept of increasing the level of replacement with cement,
and the general conclusion that further replacement levels are shown to
decrease the strength performance of the specimens. However, their
results stated that the pozzolanic reaction of clay brick powder was
found to enhance the strength of the pastes up to a certain limit of
replacement.

On the other hand, many research attempts focused on enhancing the
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brittle behavior of the conventional cementitious matrix by using fibers
to get good results in terms of flexural performance. In this field, some
investigations were made on both traditional Portland Cement and
White Cement, Zhang et al. [17] tested the effect of using both recycled
brick powder waste and polypropylene fibers on the workability and
mechanical properties of Portland cement-based composites and they
concluded that using the aforementioned materials can result in
decreasing workability because of high water absorption rate of PP fi-
bers. On the other hand, their findings showed that strength properties
such as compressive and tensile strength showed an improvement when
clay brick powder and fibers were used.

Dilbas and Cakir [18] investigated the effect of using basalt fiber
along with recycled aggregates on the physical and mechanical prop-
erties of concrete. According to their results, the existence of both
recycled aggregates and basalt fibers resulted in a negative effect con-
cerning physical properties. However, using basalt fibers was found to
be beneficial in terms of improving the compressive strength of the
concrete.

In the same scope, measuring the bonding degree between steel fi-
bers and cementitious matrix was a major interest for many researchers.
The aim behind such attempts was to identify the ability of steel fibers to
increase interfacial bonding and improve the pullout behavior of the
fabricated specimens. Babar Ali et al. [19] examined the effect of using
steel fibers along with micro silica on the strength properties of cement-
based concrete. The main results revealed the fact that low and medium
fiber dosages are beneficial in terms of improving strength performance,
also, the incorporation of fibers yielded better interfacial bonding in the
resulting matrix.

There are many available research attempts on the effect of using
brick waste as a binder or as filler within the cementitious matrix, the
conducted studies examined these materials separately. However,
limited studies are performed based on assessing the existence of fibers
within such a matrix.

The main objective of this paper will be to compare the effect of using
brick powder within the fiber-reinforced White Cement-based mortar.
Compressive and flexural strength results for normal conditions,
elevated temperature, sulfate attack, and freeze-thaw cycles will be
examined along with the microstructural analysis that includes Scan-
ning Electron Microscopy (SEM) to observe the degree of adhesion be-
tween the waste materials and fibers and the White Cement used. Also,
X-ray powder diffraction (XRD) analysis will be performed for investi-
gating the relationship between brick powder and White Cement.

2. Materials and methods
2.1. Materials

The main binder used in this study was White Cement (52.5) which
was provided by Cimsa Cement Industry and Trade Inc. Clinker is a
material produced as a result of the calcination of cement raw materials
in the furnace. Free lime (free CaO) content in clinker is an important
parameter that determines the quality of cement. The presence of excess
free lime may lead to undesirable events such as volume expansion,
longer setting time, and lower strength values. X-ray fluorescence
technique (XRF) test is used for chemical element analysis of cement
material. With this analysis, the concentration of the main oxides is
determined. Since XRF spectra do not contain mineralogical informa-
tion, they show the total Ca concentration in the sample together with
free CaO. The titration method or X-ray diffractometry (XRD) test is
required to determine free CaO. These tests were carried out by the
company from which the White Cement was supplied. According to the
results of the analysis, the free lime rate in White Cement is below 2%
(1.6%), and it is known to be at the desired level. The waste brick
powder was provided from the Manisa region. Table 1 shows the
composition and chemical details of White Cement and brick powder.
The type of sand used was river sand and its details are listed in Table 2.
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Table 1
The chemical composition of White Cement and clay brick powder.
Chemical composition, % SiO, Al,03 Fe,03 TiO, CaO MgO K,0 Na,O SO3 Free CaO L.O.L
wcC 21.60 4.05 0.26 0.35 65.7 1.30 0.35 0.30 3.30 1.60 3.20
CBP 63.6 18.6 9.11 0.35 1.65 1.28 1.82 NA 0.02 NA 11.3
Table 2 Table 4
Standard limit values and gradation for sand. General details of the mixes.
Characteristic Grain size (mm) Water/Cement Ratio 0.45
0.08 0.16 0.5 1.0 1.6 2.0 Binder/Filler Ratio 1:2.75
Fiber P t 0.4%
Remaining (%) 99 87 72 34 6 0 clur?; eTrce: age Wt Curin
Limit (%) 99+1 8745 6745 33+5 745 0 8 1yP 8
Three different types of fibers with the same volumetric percentage were Table 5
used in this study to examine their bonding degree with the fabricated Mix proportions of specimens.
Il’latrl).(. The. propertles. of t}.le rele.vant fibers are shown in Table 3. . Mix ID Cement sand CBP Water P FIBER (%)-
Prismatic molds with dimensions of 40 x 40 x 160 mm and cubic ® ® ® ® ®
molds with 50 mm sides were chosen for this work. Cement, clay brick
. . . wC 450 1237.5 - 202.5 30 -
powder, sand, and fibers were firstly mixed and then the water- CBP5 4275 12375 225 202.5 30 _
superplasticizer solution was added to them, the mixes and series de- CBP10 405 12375 45 202.5 30 _
tails are illustrated in Tables 4 and 5 and Fig. 1. While [14-16] studies CBP15 382.5 1237.5  67.5 202.5 30 -
were taken into account on the addition rate of clay brick powder to weee 450 12375 - 2025 30 C"pf;rl;coated
. . . e . stee er
Whlte Cemen.t, [18-21] sFudles. we.re taken into aCCO}lnt on fiber addi- WCB 450 12375 202.5 30 Bazalt steel fiber
tion rates. Since the main objective of the study is to observe the wce 450 12375 - 202.5 30 Crimped steel
behavior of the matrix with different fiber types, then the ratio of fibers fiber
was kept constant in all mixes. CBP5CC  427.5 1237.5 22.5 202.5 30 Copper coated
A mortar hand mixer was used to gain a homogeneous mix. The steel )
laced i h 1d d ibrati hi d CBP5B 405 1237.5 45 202.5 30 Bazalt steel fiber
mortar was placed into the molds and a vibrating machine was used to CBP5C 382.5 12375  67.5 202.5 30 Crimped steel

eliminate the entrapped air thus reducing the air voids within the ma-
trix. The curing lasted for 28 days and then the specimens were taken out
from the curing basin and left for room temperature curing for up to 90
days.

2.2. Test procedure

To evaluate the performance of the specimens under elevated tem-
peratures, the high-temperature test was done for 250 °C, 500 °C, and
750 °C. In the scope of this test, the specimens were firstly put in a drying
oven at 105°Celsius for 1 day before the experiment. In the high-
temperature oven, the rate of temperature increase was 5 °C/minute
up to the required temperature. Then the specimens were kept in the
aforementioned elevated temperatures for one hour. Finally, the speci-
mens were left for cooling to avoid the risk of thermal shock which can
affect the results. The applied procedure and the choice of temperatures
were based on previous investigations [20-21]. The freezing-thawing
test was done for 90 cycles and every cycle lasted for 12 h at —20 °C
(freezing) and 12 h at + 20 °C (thawing) [21]. Concerning the sulfate
attack test, the specimens were left in sodium sulfate solution for 90
days, the concentration of the solution was 5% and the solution was
changed every 30 days. On the day before the test, the specimens were
taken out of the solution and dried in a drying oven for one hour at
105 °C [22]. After being subjected to the aforementioned tests,

Table 3
The properties of the relevant fibers.
Type Length Diameter/ Specific Nominal Aspect
(mm) width (mm or gravity tensile ratio
um) (gm/cm®) strength
(MPa)
Basalt 12 20 pm 2.73 4100 600
Crimped 50 2.60 7.85 1189 19.23
Copper- 6 0.17 7.85 2100 35.29

coated

fiber

experiments on strength loss and weight change for the relevant spec-
imen groups were conducted to better understand the performance of
the fabricated composites under durability conditions. Also, micro-
structural observations were done for the specimens before and after
durability tests to examine the nature of the matrix before and after
subjection.

3. Results and discussion
3.1. Mechanical properties

The 28 and 90-day compressive and flexural strength results of 10
series produced within the scope of the study are shown in Figs. 2-3.
While a complex series of chemical reactions occurred in the hydration
of White Cement, each main component created a separate chemical
reaction with water. Calcium silicates (C2S and C3S) formed calcium-
silicate-hydrate gel (C3SoH3) (C-S-H), which was the main binding
component of cement, by chemical reaction with water. While the C3A
and C4AF components affected the initial bonding properties of the
cement, the C3S and CyS components determined the main bonding
properties. White Cement produced higher compressive strength
resulting in mortars than Portland Cement. The higher amount of
limestone and white limestone and silicate in its composition and the
lower amount of Fe;03 and MnyO3, which caused the decrease in the
pozzolanic activity of the cement mortar, served a function in the for-
mation of this situation. Thereby, White Cement provided a stronger
matrix structure by forming more calcium silicate hydrate gels and
filling the capillary pores of the cement mortar more [23-25].

It is important to investigate the mechanical performances of
cement-based materials. Strength is the most important factor affecting
the performance of building elements produced using cement-based
materials. The effect of clay brick powder on compressive and flexural
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Binder/ Aggregate, and water/binder ratios
were fixed to 1:2.75 and 0.45, respectively

Basalt

Fig. 1. The components of the binding matrices fabricated in the study.
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Fig. 2. Compressive strength results.

strength was investigated. When the results of these parameters were
examined, it was seen that the use of brick powder up to 5% increased
the strength results. The pozzolanic reaction of the brick powder played
an important role in this case. The higher SiO, and Al;03 content in the
brick powder facilitated the reaction with CH, resulting in more pro-
duction of C-A-S-H and C-S-H gels that bonded the hydration products
together. In addition, the formation of a more refined pore network with
the brick powder acting as a filler has also been effective in this situation
[16,26-29]. The use of brick powder in higher proportions caused a
decrease in the relative content of the cement, leading to a decrease in
hydration products such as the amount of CH and C-S-H gel. The
reduction of CH also reduced the reaction with brick powder. It
decreased the strength results due to this situation. The increase in the
curing time with 90 days increased the strength results [16]. The 28 and
90-day compressive strengths of sample WC were 52.31 MPa and 63.11
MPa, respectively, while the flexural strengths were 6.79 MPa and 7.88

MPa, respectively. The 28 and 90-day compressive strengths of sample
CBP5 were 55.16 MPa and 66.93 MPa, respectively, while the flexural
strengths were 7.35 MPa and 8.42 MPa, respectively.

The effect of fibers in the 5% brick powder substitution and the
control sample, which gave the highest results, was examined in the
strength results. When the structure of fiber-reinforced composites was
investigated, it was seen that a small increase in compressive strength
occurred in general. The increase was mainly due to the effect of the
fibers on crack development. When the cracks advanced and reached the
interface, the stress was transferred and with the effect of this situation,
the resistance of the fibrous composites to the additional compressive
force increased and thus the compressive performance increased. The
reasons for the small increase were that the fiber utilization percentage
was low and the fibers generally didn’t affect significantly the
compressive strength. When the effect of fiber length on compressive
strength was examined, it was observed that the compressive strength of
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Fig. 3. Flexural strength results.

composites increased with the increase in fiber length. Accordingly, it
was determined that the highest results were in the crimped steel fiber
reinforcement. In this case, the high density of the crimped steel fiber
was also effective. As the fiber length increased, since it reduced the
number of voids due to its high density, it helped to improve compres-
sive strength by reducing lateral deformations. Since the copper-coated
steel fiber was shorter, it produced the lowest strength among the
fibrous mixtures [30-32]. When the effect of basalt fiber was examined,
it was determined that it showed a systematic performance. The thin and
homogeneous structure of the crystal phases was effective in the tar-
geted physical and mechanical properties of basalt fiber. The targeted
microstructure can be achieved by adding a nucleating agent such as
ZrO,, TiO, or P20s. Basalt rocks, on the other hand, provided a signif-
icant advantage by producing a natural nucleating agent Fe3O04 during
the melting processes. Therefore, basalt fibers produced from basalt
rock, when used in this study, acted as a nucleating agent, helping the
crystallization process (the surface topography and roughness of the
fibers had a positive effect in the crystallization process) and played an
important role in obtaining the targeted microstructure [20,33-34].
According to the flexural strength results, it was found that the increase
rates were higher with the fibers. As was known, flexural strengths in
fibrous mixtures depended on the type of fiber used, its length and in
which direction, and how it was distributed in the blend. Higher flexural
strength results were obtained as the crimped steel fiber length was
longer and thus fiber slipping became more difficult. Since the copper-
coated steel fiber was shorter, it similarly produced the lowest flexural
strength among the fibrous mixtures [30-32]. The 28 and 90-day
compressive strengths of sample CBP5CC were 57.37 MPa and 68.31
MPa, respectively, while the compressive strengths of sample CBP5C
were 60.53 MPa and 71.29 MPa, respectively. The 28 and 90-day flex-
ural strengths of sample CBP5CC were 7.76 MPa and 8.69 MPa,
respectively, while the flexural strengths of sample CBP5C were 8.67
MPa and 9.52 MPa, respectively. Although fiber reinforcement
improved the mechanical properties, it was disadvantageous if it was
added at a high-volume ratio because it both increased the cost and
reduced the workability if it was added in excess. Therefore, fibers were
added at 0.4% by volume in this study. The addition of copper-coated

steel fiber increased the compressive strength between 2.06% and
4.01%, while basalt fiber increased between 3.66% and 6.93%, and
crimped steel fiber increased between 6.51% and 9.74%. The addition of
copper-coated steel fiber increased the flexural strength between 3.05%
and 6.48%, while basalt fiber increased between 7.48% and 11.63%,
and steel fiber increased between 13.06% and 18.11%. Mahakavi and
Chithra [30] found that adding hybrid hooked end and crimped steel
fiber significantly improved the compressive strength, flexural strength,
and impact resistance. Celik et al. [20] found an increase in flexural
strength between 27.95% and 30.19% with the addition of basalt fiber to
geopolymer mortar at a volume of 1.2%. Thus, it was seen that the re-
sults found in this study were compatible with the results of other
studies.

The microstructure properties of White Cement composites rein-
forced with brick powder and fibers were investigated with the help of
SEM analyses. Due to the analysis, the potential characterization of the
substitute materials and fibers in the composite structure was investi-
gated in detail. Also, the interfacial bonding degree was observed among
the substitute and reinforcement materials and the main material. SEM
micrographs of samples WC, CBP5, CBP5C, CBP5B, and CBP5CC are
shown in Fig. 4. If the SEM analyzes were examined in detail, it has been
determined that they were in parallel with the compressive and flexural
strengths. Increasing the SiO; and Al;O3 content of 5% brick powder
substitution and producing more C-A-S-H and C-S-H gels resulted in a
more homogeneous structure compared to the 100% White Cement
based sample. Thus, a good bond was formed between the brick powder
and the White Cement [26-27]. In addition, the addition of brick
powder as a substitute had a positive effect on the bond grade according
to sample WC. It was also observed that the interface transition zone
(ITZ) between the aggregate and the binder material improved with the
contribution of brick dust. Adding fiber reinforcement to the composites
increased the ability to stop cracks, creating higher crack resistance and
delaying the propagation of microcracks. The higher density and longer
length of the crimped steel fiber reduced the number of voids and thus
the lateral deformations, resulting in higher cracking resistance. It has
been observed that no significant deformation occurred on the fiber
surface due to the good bonding of the crimped steel fibers, and it
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Fig. 4. SEM images of samples: a) WC, b) CBP5, c¢) CBP5C, d) CBP5B, and e) CBP5CC.

provided more strength increase due to its dense and durable structure.
It has been found that basalt fibers also played a role in increasing
strength by forming a good bonding degree. Copper-coated steel fibers
had a shorter structure and the degree of bonding formed by the fibers
was also lower. So, copper-coated steel fiber had a lower strength in-
crease compared to the others due to its shortness [30-34].

In this study, since it was known that the incorporation of fibers into
composites didn’t cause the formation of crystalline phases, XRD pat-
terns for the produced fiberless mortar samples were investigated. The
XRD patterns for the four series (WC, CBP5, CBP10, and CPB15) are
given in Fig. 5. While C-S-H (calcium silicate hydrate) gel was observed
in the main peaks for all series, portlandite formation was also observed.
It was observed that the formation of C-A-S-H (calcium aluminosilicate
hydrate) increased with the substitution of brick powder. In this situa-
tion, the use of brick powder at the rate of 10% and 15% caused a
decrease in the peaks. In the samples examined, it was observed that the
peaks were concentrated between 20°-30° 26. The compressive strength
results of the mixtures also confirmed the microstructural analysis of the
formation of the phases [22,26-27].

3.2. Freezing-thawing effects

After 90 days were completed, the freezing-thawing test was applied
and the losses in flexural and compressive strengths and weight were
found. Comparisons of results at test completion with results at 90 days
are shown in Figs. 6-8. After 90 cycles, a decrease in strength results was
observed. Mortars and concretes had a porous structure containing pores
of different sizes ranging from nanometers to millimeters. The structure
of these pores was partially filled by water containing different ions, also
called pore solution. When mortars and concretes were faced with
freezing temperatures, freezing began to occur in the pore water, and ice
formation and possible damages occurred with the effect of this situa-
tion. These damages were called frost damage or also called internal
frost damage. In the explanation of this situation, the expansion effect
that occurred in the transformation of water into ice along with the
freezing effect had an important place. There were different theories
about the actual mechanisms that occurred with the freeze-thaw effect.
Hydraulic pressure theory had an important place among these theories
[35]. According to this theory, expanding ice formation occurred when
water was exposed to a 9% volume increase due to the freezing effect.
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Fig. 5. XRD patterns of samples: a) CBP5, b) WC, ¢) CBP10, and d) CBP15.
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While ice formation started in larger pores with capillary pore structure, supercooling before nucleation occurred, and the pore structure of the
it expelled the pore water from the frozen pores with the effect of vol- cement matrix. This caused tensile stresses in the concrete or mortar,
ume increase. Hydraulic pressures could occur depending on the rate of and possibly frost damage if it reached tensile strength. According to
growth of ice, which was a function of the rate of cooling, the level of these explanations, the capillary pressure theory was useful to explain
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frost damage caused by the effect of ice formation in the capillary pores.
Thus, as the growing ice crystals surrounded the water-filled pores, the
resulting fluid pressure caused frost damage. With this effect, there was
a decrease in strength results [36-37]. The strength values before the
freeze-thaw test effect also determined the degree of micro-cracks.
However, the air voids ratio was also a determining factor in this

situation. In other words, the moisture content of the sample and the
porous network were also effective on degradation. If the sample
became saturated and the pore structure could not withstand the stresses
due to ice formation, damage began to occur. Freeze-thaw damage was
primarily affected by excess water inside and on the surface of assem-
blies. There were two types of cracks: surface spalling and internal
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cracking. Surface spalling was caused by the effect of repetitive water on
both vertical and horizontal surfaces, and the effect of this situation kept
the surfaces wet for a long time. While freezing occurred, the outer layer
of the material was broken down to the depth of water penetration.
Spalling on the concrete or mortar surface exposed the softer and porous
inner layers below that were more susceptible to freeze-thaw action,
leading to further deterioration with repeated cycles. Internal cracking
occurred because of internal cracks and voids being exposed to freezing
by filling with water. Unlike surface spalling, it started in the inner
structure and cannot be seen visually. Both types of cracks increased
with the increase in the cycle number. So, freezing damage due to the
repetition of freeze-thaw cycles was caused by the gradual expansion of
the cement paste, internal cracking, and surface scaling with the effect of
moisture. Distortions did not have to occur simultaneously. Due to these
conditions, the increase in the number of air voids increased the strength
losses [38]. The use of active pozzolans provided satisfactory behavior
against freeze-thaw cycles without creating a specific air void require-
ment. Because of this situation, the use of 5% brick powder also
increased the resistance against freeze-thaw cycles. Higher rates, on the
other hand, caused an increase in shrinkage cracks, leading to a decrease
in resistance to cycling [26-27]. The positive contribution of the fibers
before the freeze-thaw test resulted in higher post-test results [30-34].
At the end of the freezing-thawing test, the compressive strength of
sample CBP5C was 50.74 MPa, while the flexural strength was 6.79
MPa. At the end of the 90 cycles of the freeze-thaw test of sample
CBP15, the compressive strength was 35.82 MPa, while the flexural
strength was 4.56 MPa. The temperature-related deterioration values in
the flexural strength of mortars were higher than the compressive
strength. In the three-point bending strength test, oblique cracks were
more common, while in the compressive strength test, cracks occurred
more parallel to the compressive load. Therefore, flexural strength was
more sensitive to the development of internal structural defects (prop-
agation of cracks) than compressive strength and decreased more with
embrittlement under the influence of high temperature [39].

When the weights of the samples were examined, it was seen that the
losses from the freeze-thaw cycle were low. The number of cycles was
effective in weight loss. The moist content in the environment where the
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test was carried out enabled some of the gaps to be filled. Following the
micro-crack formation, the moist environment provided some filling of
the voids. Thus, a movement also occurred towards the inside parts with
the effect of the humid environment. It was observed that micro-cracks
and their deterioration increased with the number of cycles. Thus, after
the increase in the cycle numbers, surface calcification and peeling also
increased, resulting in weight loss. The use of brick powder up to 5% and
fiber effects resulted in a more stable microstructure and lower weight
loss. Weight losses after freeze-thaw cycles were found to be between
1.34% and 2.63%. While the lowest value in weight loss was observed in
sample CBP5C, the highest value was observed in sample CBP15.
Cement hydration and lower void ratio were effective in this situation.
The stronger microstructure prevented micro-cracks while limiting
weight loss. Thus, weight losses and strength results showed parallelism
[39-40].

In the follow-up of the freeze-thaw test, the changes on the surface of
the samples were carefully examined. When the surfaces were examined
after 90 cycles, no significant damage was detected. The protection of
the surfaces indicated that the damages remained at the micro-crack
level. After the water expansion exceeded 9%, the force generated by
the hydraulic pressure effect exceeded the tensile force, although small
micro-cracking occurred [21]. The appearance of the specimens
following the test is shown in Fig. 9.

micrographs of samples WC, CBP5, CBP5C, CBP5B, and CBP5CC
after 90 cycles of freeze-thaw are shown in Fig. 10. When the SEM
images were examined, microcrack formation was detected. The change
of the interface between the gel and the cement due to freeze-thaw ef-
fects facilitated the propagation of micro-cracks, resulting in the for-
mation of a defective area. Despite this situation, microcracks formed a
network by connecting. This has been effective in the low rate of damage
to the matrix structure. The slow progression of microcracks also limited
the strength drops. Due to the high SiO3 and Al;03 content of 5% brick
powder substitution before the test, C-A-S-H and C-S-H gels were pro-
duced more, resulting in a more homogeneous structure compared to the
100% White Cement based sample. This situation improved the bond
grade relatively. Although microcracks were formed in the interface
transition zone (ITZ) between the aggregate and the binder material, it

* gD S

Fig. 9. Visual inspection after 90 cycles: a) WC, b) CBP5, ¢) CBP10, d) CBP15, e) WCCC, f) WCB, g) WCC, h) CBP5CC, i) CBP5B, j) CBP5C.
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Fig. 10. SEM images after 90 cycles: a) WC, b) CBP5, c¢) CBP5C, d) CBP5B, and e) CBP5CC.

was observed that they remained at a limited rate with the contribution
of brick dust [26-27]. In the case of fiber reinforcement in the com-
posites, it increased the crack resistance and reduced the formation of
micro-cracks. In particular, the crimped steel fiber reduced micro-cracks
due to its longer and denser structure. The increase in the compressive
strength of the crimped steel fiber was due to the behavior of the fibers
against the progressive cracks. Progressive cracks were prevented by
experiencing a blunting process and stress loss when encountering the
fibers. At the same time, with this blunting method, the mortar samples
were exposed to a higher compressive load and the compressive strength
values were increased compared to the fiberless samples. This was also
supported by SEM micrographs. Basalt fibers also increased strength
values by resisting cracks. Copper-coated steel fibers had a shorter
structure, resulting in a decrease in bonding degree, resulting in less
strength increase. So, copper-coated steel fiber showed lower strength
compared to other fiber types [30-34]. As a result, composite specimens
showed significant resistance against 90 cycles. The related results were
consistent with the results of other studies [39-40].
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3.3. High-temperature effects

With the application of three different temperatures (250, 500, and
750 °C) to the samples, the losses in flexural and compressive strengths
and weight according to the 90-day are seen in Figs. 11-13. With the
detailed examination of the results, decreases in strength and weight
were observed. The decrease in all mechanical properties increased at a
rate higher than 500 °C. Existing thermal reactions were effective in this
situation. As the free water evaporated with the effect of the reactions,
dehydration occurred in the sample matrix structure [41-43].
Increasing temperatures after 600 °C also increased the reduction rates.
The steam effect was effective in strength losses after 500 °C. While the
steam effect was the main reason for the strength loss, the existing water
in the sample turned into steam with the increase in temperature. This
situation can be explained by giving more detail. As the water boiled
with the increase in temperature, some molecules reached sufficient
kinetic energy to escape from the spaces on the surface without
returning to the liquid state. With the increase in heating, there was an
increase in excitations and this situation increased the number of mol-
ecules that caused the fluid loss. When water was heated to its boiling
point, steam bubbles formed in it and tried to rise to the surface.
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Considering the molecular arrangement of vapors and liquids, it can be molecules. Water evaporated freely when more molecules were leaving
seen that the density of the vapor was less than that of water because the the liquid surface than those re-entering. At this stage, it reached the

steam molecules were further apart from each other. This allowed the saturation temperature as it became saturated with heat energy. Adding
space just above the liquid surface to be filled with less dense steam more heat caused the water to form saturated steam. Water and steam
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Fig. 13. Weight-loss results after high-temperature effects.

can exist at any pressure, both at the saturation temperature. The tem-
perature above the saturation temperature was called the superheat of
the steam, while the heat energy increased with the additional heat. This
situation increased the pressure, causing an increase in the saturation
temperature, thus increasing the losses. After 100 °C, the internal
pressure tended to increase continuously. After the steam pressure limit
was crossed, condensation in the matrix structure started with very little
permeability. With this situation, the resistance of the sample to thermal
effects decreased. Then, thermal cracks occurred on the sample surface.
The weight losses increased due to water evaporation in the matrix.
While cracks increased with the effect of thermal shrinkage, this situa-
tion also triggered strength and weight losses. High temperatures also
created thermal incompatibility in the paste-aggregate interface transi-
tion region, increasing micro-crack formation [44]. The calcium silicate
hydrate (C-S-H) gel structure was exposed to more crystallization due to
the increase in temperature. The crystallization stress produced ther-
mochemical decomposition in the crystal lattices. Renewal of crystalli-
zation had a negative effect on ductility and strength conditions. The
thermal incompatibility that occurred after the degradation of homo-
geneity caused an increase in micro-crack formation.

With these effects, the importance of a strong cement structure
increased. The strong character of the sample structure resulted in less
thermal gradient by dissipating the heat faster. With these cases, splits
and thermal cracks became more limited. It was seen that the flexural
strength was affected at a higher rate in the face of high temperatures.
While increasing temperatures allowed cracks to propagate, this trig-
gered the growth of the pore structure and the formation of micro-
structural defects. Flexural strength was also significantly affected by
microstructural defects [45]. In addition to these, negative effects on
workability and pore properties also played a role in losses. If the gen-
eral evaluation of the high-temperature results was made, it was seen
that the post-test results were similar to the situation before. The 5%
brick powder substitution facilitated the reaction with CH, due to
pozzolanic reactions, which was the ratio of SiO5 and Al,Os in its con-
tent and provided the formation of more hydration products. In this way,
it played a role in the development of strength by reducing air voids and
producing more C-A-S-H and C-S-H gels. However, using a higher rate
led to a decrease in resistance due to shrinkage cracks [26-27]. Since the
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crimped steel fiber was longer than the copper-coated steel fiber, it
created a stronger bond, increasing the resistance to high temperature.
Basalt fiber also showed a systematic performance and showed superior
high-temperature resistance [30-34]. When the high temperatures of
250, 500, and 750 °C were applied, the compressive strength values of
sample CBP5C were 76.74 MPa, 38.29 MPa, and 19.25 MPa, while the
flexural strengths were 6.97 MPa, 4.72 MPa, and 1.97 MPa. When the
high temperatures of 250, 500, and 750 °C were applied, the compres-
sive strength values of sample CBP15 were 55.76 MPa, 24.57 MPa, and
7.27 MPa, while the flexural strengths were 4.05 MPa, 2.52 MPa, and
0.76 MPa.

After the test, the weight values decreased as well as the strength
values. These losses increased significantly with temperature. The water
evaporation and dehydration in the cement matrix formed by the heat
effect caused the microstructure to be damaged, and weight losses
occurred due to these conditions. The growth of the pore structure also
served a function in this situation. In this case, weight loss increased
with additional voids. Weight losses consisted of three separate stages.
When the cement was hydrated, 50-70% C-S-H (calcium silicate hy-
drate) was formed as the main chain product, 10-15% ettringite (cal-
cium sulfoaluminate) and 20-25% CH (calcium hydroxide or “lime”)
were formed. While C-S-H played the main role in increasing the
strength of concrete, CH couldn’t build strength but had efflorescence
and poor chemical resistance. When the high temperature was applied to
cement paste, portlandite (calcium hydroxide) and calcium silicate hy-
drates were subject to decomposition. C-S-H gel with an amorphous
structure was subject to degradation over a wide temperature range.
While C-S-H gel was exposed to dehydration in the temperature range of
100 °C-400 °C, it was observed that it started to decompose at 560 °C
and it was reported that it turned into C3S and CsS after 750 °C. Weight
loss at 300 °C may occur as a result of evaporation of capillary water in
macro capillary pores, evaporation of gel water from gel pores of cement
paste, and partial dehydration of C-S-H. Weight loss occurred as a result
of dehydration of portlandite in cement paste at 450 °C. Between 600 °C
and 750 °C, weight loss occurred as a result of dehydration of the re-
sidual portlandite and C-S-H and decomposition of calcite. Since the
polymeric main and side chains and excess water molecules changed
under the effect of high temperature, its role in the formation of weight
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loss has been explained in the theories related to the high-temperature
effect. Following these stages, the weight losses increased. The higher
the temperature values, the higher the losses. Interfacial disturbances
between the matrix and the aggregate also led to increased weight loss
and these situations were seen in Fig. 15 [46-48]. The use of 5% brick
powder and the use of fibers reduced micro-cracks, resulting in an in-
crease in density and a decrease in losses [49]. After applying the effect
of temperature at 250 °C, the weight losses were between 1.56% and
2.66%, after 500 °C it was between 4.31% and 5.24% and after 750 °C it
was between 6.38% and 7.47%.

Visual inspection was observed for the samples after the 750 °C
temperature test was applied. The resulting changes on the surface are
shown in Fig. 14. The photographs were taken 60 min after the high-
temperature test and the samples were taken out of the oven. Depend-
ing on this situation, while the effects of high temperature had a low
effect on the sample surface, they showed more effect on the micro-
structure. When the photographs were carefully examined, the color
change was observed on the surfaces after 750 °C. Damage to the main
chains in the cement mortar increased the sample surfaces’ tendency to
become rough and slightly brittle. Nevertheless, cracks on the surfaces
were limited. According to this situation, the samples maintained their
stability [41-43].

The changes in the composite samples after the application of 750 °C
temperature were examined with the help of SEM analysis. SEM mi-
crographs of samples WC, CBP5, CBP5C, CBP5B, and CBP5CC after high
temperature are shown in Fig. 15. It has been observed that post-high
temperature signed of progress were in microcracks. In this case, the
effective factors were the decomposition in the matrices, phase
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transformations, and weight losses. Under the influence of the condi-
tions, there was an increase in structural defects, and subsequently, the
density of defect formation increased. With the increasing defects, a
more porous structure was formed. Thus, air voids were formed along
with microcracks. The addition of 5% brick powder increased the Al,O3
and SiOy content, creating more C-A-S-H and C-S-H gels, and a more
homogeneous structure was achieved compared to the 100% White
Cement based sample. Improvement in bond grade advanced with this
condition [26-27]. Also, micro-cracks were observed especially in the
aggregate and binder interface transition zone (ITZ) after the effect of
high temperature, but this situation remained at a low rate due to the
effect of the brick powder. In addition, although cracks and air voids
were formed, the effect of the fibers also reduced the stress loss by
creating a blunting effect. The crimped steel fibers have created a more
resistant structure due to their denser and longer structure. Basalt fibers
also reduced losses by resisting cracks. Copper-coated steel fibers, on the
other hand, had a shorter structure, thus lowering the bonding degree
compared to other fibrous samples [30-34]. Despite these situations,
which occurred in parallel to the compressive strength decrease, it was
seen that the composite structure was preserved [41-43].

For this work, XRD analysis was performed to examine the crystal
phases of fiberless composites after the high-temperature effect because
there was a limited effect of fibers on crystalline phases. The XRD pat-
terns for the four series (WC, CBP5, CBP10, and CBP15) are shown in
Fig. 16. It was observed that the X-ray diffraction densities were lower as
a result of the high-temperature effect of 750 °C. The high-temperature
effect caused the decomposition effect of the amorphous hump to lower
angles after 750 °C, and probably caused the rearrangement of atomic

Fig. 14. Visual inspection after 750 °C: a) WC, b) CBP5, ¢) CBP10, d) CBP15, e) CBP5CC, f) CBP5B, g) CBP5C, h) WCCC, i) WCB, j) WCC.
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Fig. 15. SEM images of samples after 750 °C: a) WC, b) CBP5, ¢) CBP5C, d) CBP5B, and e) CBP5CC.

species in the structure of the C-A-S-H and C-S-H gel. On the other hand,
the use of brick dust of up to 5% created a more homogeneous structure
by forming C-S-H and C-A-S-H gels before the high-temperature effect,
resulting in higher resistance. The addition of brick powder at higher
rates resulted in lower X-ray diffraction densities.

3.4. Sodium sulfate effects

With exposing sodium sulfate to the samples, the losses in flexural
and compressive strengths and weight gain according to the 90-day are
given in Figs. 17-19. Significant cracks and porosity increase occurred as
a result of the reaction of sulfate crystals formed by the effect of sulfate
attack with calcium expansion products. The erosion effect caused by
the diffusion of Na into the matrix caused a loss of strength. The presence
of microcracks as a result of ettringite and gypsum formed in the pores,
as well as the transition of alkalis from the sample matrix to the solution,
played an active role in this case. In addition, keeping the samples at
105 °C for 24 h before testing facilitated more effective absorption of
sulfate solutions. In this tendency, temperature facilitating absorption
by affecting the voids ratio more played a role [50-53].

When the results were examined in detail, it was determined that the
samples with low performance in compressive strength before the
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sulfate effect were the samples that were most affected by the sulfate
solution, and therefore they suffered the highest loss of compressive
strength. The samples showing high performance in compressive
strength underwent less weight change. Because the substituted samples
with the highest compressive strength results were more homogeneous
and less porous, less solution filled the pores and there was less change
in weight. In the results related to the compressive strength, it was
observed that the sulfate had less effect on the mixture of White Cement
and 5% clay brick powder than the mixture with %100 White Cement,
and the compressive strength was higher. By facilitating the reaction
with CH with the ratio of SiO5 and Al;Os3 in its content, it increased the
formation of hydration products and played a role in the development of
strength by forming more C-A-S-H and C-S-H gels. However, at higher
rates, it caused a decrease in resistance due to shrinkage cracks [26-27].
The addition of 10% clay brick powder had less compressive strength
than the White Cement mixture without additives, while the sample
with 15% clay brick powder addition had minimum compressive
strength.

An improvement in compressive strength was observed after the fi-
bers were added to the White Cement mixture. The crimped steel fiber
addition had the highest compressive strength among other fiber types
added to White Cement, followed by the basalt fiber added sample. The
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Fig. 17. Compressive strengths result after 90 days exposed to sodium sulfate.

copper-coated steel fiber sample came last in the ranking. The longer
crimped steel fibers and the systematic performance of basalt fibers were
factors in the ranking [30-34]. When the fibers were added to the
samples to which 5% clay brick powder was added, an improvement was
found in the compressive strength and the highest compressive strength
results were obtained compared to the other samples. The copper-coated
steel fiber added sample came last in the ranking.

When the results were examined in detail, it was determined that the
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samples with low performance in flexural strength before the sulfate
effect were the samples that were most affected by the sulfate solution,
and therefore they suffered the highest flexural strength loss. According
to the results, it was seen that the flexural and compressive strengths
showed parallelism. The main reason for the decrease in strength was
the micro-crack formation due to the effect of ettringite and gypsum
formed in the pores due to the effect of sodium sulfate [50-53]. Ac-
cording to the results of the sulfate test, it was observed that the weights
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of the samples increased compared to before the sulfate solution test.
This was due to the solution filling the pores of the samples. Thus, the
weight of the samples increased. In addition, drying the samples in the
oven before the sulfate test was also effective in the weight increase.
While it was noticed that there was a variation in the increase in the
weight of the samples, it was seen that the substitution rates affected this
situation. It was found that the variation was in parallel with the
strength results.

The visual condition of the samples after exposure to sodium sulfate
was examined. When the surface of the samples was examined, softening
was observed, while this situation was more pronounced in the corners
of the fiberless samples. As the brick powder percentage increased, the
attenuation increased even more. While softening decreased in fibrous
samples, small cracks were observed on the surface. This situation
created a parallel situation with the losses in compressive strength.
However, the samples did not lose their stability against the effect of
sulfate [22]. The visual appearance of the samples against the sodium
sulfate effect is shown in Fig. 20.

SEM micrographs of samples WC, CBP5, CBP5C, CBP5B, and CBP5CC
are shown in Fig. 21 after sulfate exposure. Micro-cracks were seen in
SEM images of cementitious composites. It has been observed that the
cement-gel interface turned into a defective area with the effect of so-
dium sulfate, facilitating micro-crack propagation. The formation of
ettringite and gypsum in the pores created microcracks due to the so-
dium sulfate attacks. Network formation by the bonding of microcracks
resisted this situation. Therefore, the damages remained low in the
matrix structure. In addition, slow-growing microcracks also slowed
down the strength drops. The use of 5% brick powder before the sulfate
effect provided an increase in the ratio of SiO3 and Al;03 and provided a
more homogeneous structure by strengthening the C-A-S-H and C-S-H
gels. With the effect of this situation, the bond degree was strengthened.
Although the interfacial transition zone (ITZ) between the aggregate and
the binder material took a micro-cracked structure due to the sulfate
effect, the more homogeneous structure of the brick powder limited the
cracks [26-27]. The increase of cracking resistance in composites with
the effect of fibers reduced micro-crack formation. The crimped steel
fibers had a denser and longer structure, reducing micro-cracks. Basalt
fibers also showed resistance to cracks, increasing the resistance
compared to the fiberless samples and compared to the copper-coated
steel fiber. The resistance increase in the copper-coated steel fiber was
the lowest [30-34]. The results against the sulfate effect were consistent
with the relevant studies [52-53].
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4. Conclusions

For this paper, White Cement was substituted with brick powder and
three different fibers were used, and the relevant results were found:

e In the hydration process of White Cement, calcium silicates (C2S and
C3S) reacted with water, similar to Portland Cement, to form C-S-H
gel. While White Cement mortar contained more limestone and
white limestone and silicate content in obtaining higher compressive
strength values than Ordinary Portland Cement, it also provided a
significant advantage in the low amount of Fe;O3 and Mn03, which
reduced the pozzolanic activity. In the light of these factors, White
Cement has created a stronger matrix structure by increasing the
amount of calcium silicate hydrate formed.

e When the brick powder was used up to 5%, it accelerated the
pozzolanic reaction and increased the flexural and compressive
strength results. In this case, the brick powder had a higher Al,03
and SiO; content, accelerating the reaction with CH, and as a result,
more C-A-S-H and C-S-H gels were produced that bonded the hy-
dration products. It was also effective in that it created a more
refined pore network by acting as a filler. In the case of using higher
ratios, a significant decrease in cement content caused a decrease in
hydration products such as CH and C-S-H gels, resulting in a decrease
in strength.

Flexural and compressive strength results increased with the effect of

fibers. The lower rate of increase in compressive strength was due to

the low use of fibers and the main task of the fibers was to resist the
cracking effect caused by tensile stress in the lower regions of the
samples. Among the fibers, crimped steel fibers made the most
important contribution. This was because crimped steel fibers were
longer and had a higher density. Thus, by reducing the number of
voids, lateral deformations were reduced, thereby increasing the
strength. The fact that the crystal phases in basalt fibers had a fine
and homogeneous structure and produced a natural nucleator has
ensured these fibers showed a systematic performance. Copper-
coated steel fiber formed the lowest strength value due to its short-
ness. In the case of using crimped steel fiber with 5% brick dust, the
compressive strength increased by 13% while the flexural strength

increased by 21%.

Significant decreases in the mechanical properties of the samples

occurred after high temperature, freeze-thaw, and sulfate effect. The

use of 5% brick powder increased the formation of calcium silicate
hydrate and increased the performance after durability tests. Simi-
larly, the fibers have braked the strength losses due to the resistance
they have created against cracks. Although the decreases caused

Fig. 20. Visual inspection after sulfate effect: a) WC, b) CBP5, c¢) CBP10, d) CBP15, e) CBP5B, )JWCB, g) WCCC, h) CBP5CC, i)WCC, j)CBP5C.
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Fig. 21. SEM images of samples after sulfate attack: a) WC, b) CBP5, ¢) CBP5C, d) CBP5B, and e) CBP5CC.

losses, it was observed that the stability of the samples was pre-
served. Obtained results were supported by SEM and XRD results.
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