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1. INTRODUCTION

ABSTRACT

The cement production process contributes significantly to CO, gas emissions and environ-
mental pollution. To reduce this adverse effect, the substitution of waste marble powder as
a cement additive was investigated. In this study, the properties of mortar specimens were
analyzed by using waste marble powder as a partial substitute for three different cement types:
CEM I 42.5R Ordinary Portland Cement (OPC), CEM II/B-L 42.5R White Cement (WC) and
CA-40 Calcium Aluminate Cement (CAC). Waste marble powder has been replaced with ce-
ment at 5%, 10%, and 15%. The compressive and flexural strength, capillary water absorption,
and sorptivity values of the prepared mixtures were determined before and after freezing and
thawing. It was carried out after 28 days of water curing on 50 x 50 x 50 mm specimens for
compressive strength and 160 x 40 x 40 mm specimens for flexural strength test. Freeze-thaw
testing of the mixture samples was conducted according to ASTM C666 Procedure A. Test re-
sults showed that the highest compressive strength before freeze-thaw was obtained in calcium
aluminate cement-based mortars containing 10% by weight waste marble powder replacement
for cement. The appropriate waste marble powder ratio was determined as 10% in all cement
types used in the study. Before freeze-thaw, the mechanical properties of CAC-based mixtures
were higher than those of other cement types. However, as the number of freeze-thaw cycles
increased, the strength losses were more significant compared to OPC and WC.

Cite this article as: Giirgoze, R., Celik, Z., & Bingol A. E. (2023). Mechanical, freeze-thaw,
and sorptivity properties of mortars prepared with different cement types and waste marble
powder. ] Sustain Const Mater Technol, 8(4), 307-318.

70 Million Tonnes (Mt); therefore, about 65 Mt of CO, has
been released [5, 6].

Concrete is the most widely used building materi-
al worldwide due to its low price, easy accessibility of its
components, ability to give the desired shape, and provide
the necessary strength and durability [1, 2]. Cement, the
most used binder material in concrete production, is the
primary source of CO, emissions. Ordinary Portland Ce-
ment (OPC) production contributes about 5% to 7% of
global CO, emissions [3, 4]. It has been determined that the
concrete production in Tiirkiye as of 2014 is approximately
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Cement production significantly impacts CO, emis-
sions and can be reduced using waste materials that im-
prove concrete's fresh and mechanical properties. Among
these waste materials, marble powder, mainly found in Tur-
key, India, China, and Italy, is used as a cement substitute
in concrete production. The production of marble waste is
estimated to be around 3 Mt annually [5]. During the pro-
cessing of natural marble, a significant amount of powder
particles are released into the environment, creating waste.
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Disposing waste materials from these powder particles can
be complex and contribute significantly to environmental
damage by contaminating natural resources [6].

Marble powder is used in concrete and mortar produc-
tion due to its chemical structure and filling properties. This
can reduce environmental damage and contribute to a sus-
tainable approach in the construction industry. The filling
effect of marble powder forms a denser mixture, improv-
ing the transition zone and cement matrix. This may cause
an increase in the strength of the mixtures by adding low
amounts of marble powder. Additionally, dolomite (CaMg(-
CO,),) found in WMP reacts with the alkalis of cement to
form calcium carbonate (CaCO,). As a result of the reaction
between calcium carbonate and the C,A component of ce-
ment, a more compact structure is formed that increases the
binding capacity of the matrix [7]. Munir et al. [8] reported
that calcite in WMP reacted with C A to form calcium car-
bo-aluminate, and better compressive strength was obtained
in mixtures containing WMP. There are several studies in
the literature on the substitution of waste marble powder
(WMP) for Ordinary Portland Cement (OPC). Uysal and
Yilmaz [9] determined that the properties of fresh concrete
were improved by replacing the cement with marble powder
at 10%, 20%, and 30% by mass. Aliabdo et al. [10] determined
that the 28-day compressive strength decreased by 7%, 4%,
5%, and 14% when replacing 5%, 7.5%, 10%, and 15% mar-
ble powder with OPC compared to the control specimen.
Ergiin [11] reported that substituting 5% and 7.5% WMP for
cement increased the compressive strength, but using 15%
decreased the strength. Ashish [5] observed that adding 15%
WMP to the concrete increased the compressive strength by
4.5% and 10.4% at 28 and 91 days of curing times, respective-
ly, compared to the control specimen. Rodrigues et al. [12]
determined that replacing cement with marble powder up
to 10% in concrete does not adversely affect the compres-
sive strength. Still, replacing 20% marble powder reduces the
compressive strength by 25%.

Studies in the literature on the durability of concrete are
attracting increasing attention. Freeze-thaw (FT) is among
the main reasons for the loss of durability of concrete, espe-
cially in cold climates [13, 14]. Due to the porous structure
of concrete, repetitive FT cycles cause the concrete to lose
strength and crumble by exfoliating [15]. Freeze-thaw studies
in the literature on waste marble powder have generally fo-
cused on substituting WMP with fine aggregate in concrete
[15-18]. Ince et al. [16] reported that the FT resistance of
concrete to which waste marble powder was added increased.

Another issue is that the Ordinary Portland Cement
(OPC) was used in all studies based on the literature above.
However, due to the large amount of CO, released by OPC,
studies on the discovery and application of cementing ma-
terials to ensure sustainability in cement production con-
tinue [19]. Calcium aluminate cement (CAC) releases ap-
proximately 30% less CO, than OPC during production. In
addition, CAC is preferred in refractory material produc-
tion, wastewater, and industrial floor applications due to
its high early strength and resistance to harsh environmen-
tal conditions such as acid and high temperature [20, 21].

Table 1. Chemical characteristics of OPC, CAC, WC, SF and WMP

Compound OPC CAC WC SF WMP
(%) (%) (%) (%) (%)
SiO, 17.73 3.60 21.60 95.60 0.80
ALO? 4.56 39.80 4.05 0.40 0.60
Fe,O, 307 1710 026 0.80 0.80
CaO 62.81 36.20 63.70 0.40 57.20
MgO 2.07 0.65 1.30 0.60 9.60
K,0 0.62 0.35 0.40 0.03
SO 2.90 0.04 3.30 0.20 0.04

3

However, the use of CAC in structural system elements is
prohibited due to instability in compressive strength due to
the transformation of hydration products that contribute to
the early high strength of CAC [22, 23].

2. RESEARCH SIGNIFICANCE

Studies on sustainability in the building sector have at-
tracted much attention in recent decades. In most studies,
WMP has been used by replacing fine aggregate. Although
this situation contributes to the use of waste materials, it
does not positively affect the CO, emission originating from
the cement. In addition, most of the studies in the literature
have focused on OPC. However, regarding sustainability,
examining and using CAC, which causes less CO, emis-
sions, is very valuable in reducing environmental problems.
This study aims to investigate the freeze-thaw effect, lack-
ing in the literature, by substituting waste marble powder
in the mortar instead of cement. Another important aim is
to examine the usability of CAC and white cement (WC)
with WPM and compare it with OPC. The study was con-
sidered to compare CEM I cement, which is frequently used
in practice, with two particular types of cement (white and
calcium aluminate). The use of CAC and WMP together is
important in terms of sustainability. In this context, mortar
specimens were prepared by replacing 5%, 10%, and 15%
WMP with three different types of cement. In addition,
silica fume (SF) was used at the ratio of 10% by weight of
cement in all mixtures. These specimens were subjected to
compressive strength, flexural strength, and capillary per-
meability tests. In addition, the specimens were left to 3 dif-
ferent freeze-thaw cycles, and the same tests were repeated.

3. EXPERIMENTAL PROGRAMME

3.1. Materials

In this study, three different types of cement were used in
the preparation of mortar mixes: OPC (CEM I 42.5 R), CAC
(CA-40), and WC (CEM II/B-L 42.5R). WMP was replaced
by weight with three different cement types at 5%, 10%, and
15%. In addition, since the risk of segregation was observed
in the mixtures as a result of preliminary experiments, 10% of
the binder amount of SF was used in all mixtures to increase
the viscosity. The chemical and physical properties of OPC,
CAC, WC, SE and WMP are in Tables 1 and 2, respectively.
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Table 2. Physical properties of OPC, CAC, WC, SF and WMP

Property OPC CAC wC SF WMP
Specific gravity 3.15 3.25 3.06 2.20 2.73
Loss on ignition (%) 2.05 0.30 3.20 0.60 42.60
Insoluble residue (%) 0.66 0.16 0.18 0.91
Specific surface 3450° 3000? 4600° 19800°

Compressive strength of cement (Mpa)

Two days 25 60 24

28 days 48 46

a: Blaine method (cm?/g); b: BET method (m*kg).

Table 3. Mix proportions of mortars (kg/m?)

Mixture codes Cement Silica fume WMP Fine agg. Water Superplasticizer
OPC-0 540 60 1404 252 6

OPC-5 510 60 30 1398 252 6
OPC-10 480 60 60 1396 252 6
OPC-15 450 60 90 1391 252 6

CAC-0 540 60 1416 252 6

CAC-5 510 60 30 1412 252 6
CAC-10 480 60 60 1409 252 6
CAC-15 450 60 90 1404 252 6

WC-0 540 60 1391 252 6

WC-5 510 60 30 1386 252 6

WC-10 480 60 60 1383 252 6

WC-15 450 60 90 1380 252 6

Within the scope of the experimental study, the specif-
ic gravity and water absorption ratio of the sand were de-
termined according to EN 1097-6 [24]. River sand with a
specific gravity of 2.60, water absorption value of 1.80%,
and fineness modulus of 3.42 was used as fine aggregate.
In addition, in this study, a new generation superplasticizer
polycarboxylate-based with the pH and specific gravity of 6
and 1.065, respectively.

3.2. Mix Proportions

The mixing ratios of the mortar specimens prepared
within the scope of this study are given in Table 3. In sim-
ilar studies in the literature, it has been determined that
generally, between 500-600 kg/m’® of binder material is
used. In EFNARC 2005 [25], the total powder content was
recommended to be 400-600 kg/m>. All mixtures kept the
binder amount constant at 600 kg/m? for these reasons. In
addition, 10% of the binder amount of SF was used in all the
mixtures. Waste marble powder was replaced with cement
at 5%, 10%, and 15% of the total binder amount. The water/
binder ratio was determined as 0.42 in all mixtures. To en-
sure the workability of the fresh mortar, 1% of the binder
amount was used as a superplasticizer. According to these
parameters, 13 different mortar mixtures were prepared.
Each mixture is named according to the type of cement
used in the mix and the ratio of waste marble powder. For

example, in a CAC-10 code, the first three letters (CAC)
indicate the use of calcium aluminate cement, and the ad-
jacent numbers (10) represent the amount of waste marble
powder in the mortar mix.

3.3. Test Methods

To determine the workability of the self-compacting
mortar (SCM), the mini-slump flow test was applied ac-
cording to EFNARC [25]. The workability values of the
SCMs were evaluated according to criteria of 240-260 mm
for the slump flow diameter. The mortar specimens' com-
pressive and flexural strength tests were carried out by
ASTM C109 [26] and ASTM C348 [27] standards, respec-
tively. It was carried out after 28 days of water curing on 50
x 50 x 50 mm specimens for compressive strength and 160
x 40 x 40 mm specimens for flexural strength test.

Also, within the scope of the experimental program, 50
x 50 x 50 mm cube specimens were tested at age 28 days
according to ASTM C1585-13 [28] to calculate the capil-
lary water absorption and sorptivity coefficients of SCM
mixtures. For the capillary water absorption test, the four
side surfaces of the specimens were covered with a seal us-
ing vinyl electrician tape and exposed to 1-3 mm of water
from only one surface. All mixture specimens’ weight and
cross-sectional area were measured before the capillary wa-
ter absorption test. Capillary water absorption was deter-
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Figure 1. SCM specimens (a) in
mixture, (b) slump test, (¢) in
water curing pool, (d) sorptivity
test, (e) flexural strength test.

mined by measuring the weights of the specimens at 5, 10,
30, 60, 120, 180, 240, 300, and 360 min time intervals. Labo-
ratory images of experimental studies are given in Figure 1.

Freeze-thaw (F-T) testing of mixed specimens was per-
formed according to ASTM C666 [29] Procedure A. The
specimens were subjected to 3 different cycles (30, 60, 90)
after 28 days of curing, and then compressive strength,
flexural strength, and capillary permeability tests were
performed. Ambient conditions were set to have cycles of
freezing at -18°C and thawing at 4°C.

4. RESULTS AND DISCUSSIONS

4.1. Workability

The slump-flow diameter test results of the mixtures are
presented in Figure 2. Significant decreases were detected
in the slump flow diameters of the mixtures with WMP
added, and this was more evident in the mixtures using
10% and 15% WMP. This can be attributed to the fact that
the specific surface area of waste marble powder is higher
than cement, thus reducing workability by increasing in-
ternal friction [5]. Rashwan et al. [30] reported that waste
marble powder's angular, rough shape and high fineness
reduce workability. Li et al. [31] stated that drier mixtures
were obtained by substituting cement paste with waste mar-
ble powder at higher rates than the control mixture. It was
determined that the flow diameters of all mixtures were be-
tween 240-260 mm, specified in EFNARC, with the effect
of the superplasticizer. OPC-based mixtures were obtained
with slump flow diameters of 258, 257, 252, and 248 mm
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Figure 2. Slump-flow diameters of mixtures.

for OPC-0, OPC-5, OPC-10, and OPC-15, respectively.
The slump-flow diameters of the WC-based mixes ranged
from 24.4 to 25.6 cm. The lower flow diameter of WC-based
mixtures compared to OPC can be attributed to the higher
specific surface area of WC (4600 cm?/g) compared to OPC
(3450 cm?/g). The most significant reduction in flow diam-
eter was obtained in CAC-based mixtures. While the flow
diameter of the CAC-0 series was 254 mm, this value was
measured as 241 mm in the CAC-15 series.

4.2.Properties of Mortar Specimens Before Freeze-
Thaw Cycles

4.2.1. Compressive Strength
The 28-day compressive strength results of SCM spec-
imens before freezing and thawing are given in Figure 3.
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Figure 3. Compressive strength results of mixtures.

™| o
14 L o 4 N 0 N
o - o N it ™ i ]
o — =g ) = — ha] ~p
— 12 =) = = —
© -
o
=10
=
B 8
c
L
% 6
=
S 4
x
X
w

Q bl Q
(NS
& & 3

o S v O o S o W©
N C Y Y CTLT Y Y
& R S AN F ¥ ¥

Specimen codes

Figure 4. Flexural strength results of mixtures.

Adding WMP up to 10% in all cement series increased
compressive strength. This result can be attributed to fine
WMP enhancing the properties of the transition zone sur-
rounding the aggregate through its pore-filling effect [10].
As a result of the replacement of cement with 5% WMP
at 28-day curing ages, an increase of 1.62%, 2.66%, and
3.18%, respectively, in the compressive strength of the OPC,
WC, and CAC series was observed. When replacing 10%
WMP with cement, it was determined that the compressive
strength of OPC, WC, and CAC series increased by 3.41%,
4.19%, and 8.60%, respectively. Ashish [5] found that add-
ing 10% marble powder instead of cement increased the
compressive strength by 8.44% compared to the control
specimen. Aliabdo et al. [10] detected that using 5% and
10% WMP caused an increase in compressive strength of
1% and 12%, respectively. It is observed that the strength of
the mortar slightly decreased at the 15% level of WMP used
as a cement substitute. This is due to reduced cementing
materials such as C,S, C,S, and C,A. While 15% WMP sub-
stitution reduced the strength by 3.06% in the OPC mix-
tures, it decreased it by 2.88% and 2.29%, respectively, in
the WC and CAC mixtures.

Ergiin [11] observed that substituting 5% and 7.5% of
cement with WMP increases the compressive strength and
decreases the strength by 15%. The optimum WMP ratio
was determined as 10% for all cement types. In their re-
search, Vardhan et al. [32] reported that the substitution of
10% WMP is optimum for cement in terms of workability
and compressive strength.

Figure 5. Cumulative capillary water absorption results of
mixtures.

As a result of examining the compressive strength in
cement types, the highest compressive strength value in all
WMP replacement ratios was obtained in the mixtures us-
ing CAC. The highest compressive strength value of 104.09
MPa was found in CAC using 10% WMP in all mixes. Al-
though WMP is not pozzolanic, it is not entirely inert be-
cause it can react with the alumina phases of cement [9]. If
there is an excess of C,A in the cement, carbo aluminate will
be produced from the reaction between CaCO, and C,A in
WMP [33, 34]. This reaction, which increases compressive
strength, increases with the C, A content in the cement (OPC
and WC). In the series without WMP, the highest compres-
sive strength value was obtained from the CAC-0 series,
while this value was 8.06% and 4.35% higher compared to
the WC-0 and OPC-0 series. In the series using 5%, 10%,
and 15% WMP, the compressive strength of CAC-based
mixtures was 5.96%, 9.60%, and 5.19% higher, respectively,
than OPC. Idrees et al. [35] investigated the properties of
CAC and OPC at different curing temperatures using vari-
ous mineral additives. As a result of the study, they observed
that the 28 and 90-day strength values of the CAC-based
mixtures were higher than the mixtures with OPC at low
curing temperatures (20°C). The high early strength of CAC
compared to OPC was attributed to the formation of CAH |
and C,AH,, which are the dominant hydration products of
CAC at low curing temperatures. The compressive strength
values of WC-based mixtures using 0%, 5%, 10%, and 15%
WMP were approximately 3.43%, 2.44%, 2.70% and 3.26%
lower than OPC-based mixtures, respectively. The higher
surface area of WP compared to OPC resulted in a decrease
in its workability. This may cause small voids in SCMs that
self-compact under their weight without requiring addi-
tional processing. As a result, this phenomenon may be why
the compressive strength of OPC-based mixtures is slightly
higher than that of WP-based mixtures.

4.2.2. Flexural Strength

The flexural strength results of the mixtures are given in
Figure 4. The highest flexural strength was obtained from
the CAC-10 series with 13.20 MPa. Similar to the com-
pressive strength results, flexural strength increased in all
cement types up to 10% WMP use. Substitution of 5% and
10% WMP in OPC-based blends increased flexural strength
by 10.23% and 15.67% compared to the OPC-0 blend. Ergiin
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Figure 6. SCM specimens absorption (mm) (a) OPC-based
mixtures, (b) WC-based mixtures, (c) CAC-based mixtures.

[11] observed that using WMP did not cause a significant
change in the relative flexural strength of the mixture sam-
ples. As a result of the study, a 5% increase in the 90-day flex-
ural strength of mixtures containing 5% WMP was reported
compared to the reference sample. Kumar et al. [36] stated
that 5% WMP replacement increased the flexural strength
of the mixtures by 3% and 7% in 7 and 28 days, respective-
ly. It was observed that 5% WMP substitution increased the
flexural strength of WC and CAC-based mixtures by 4.59%
and 1.15% compared to WC-0 and CAC-0 mixtures. 10%
WMP substitution improved flexural strength by 15.14%
and 16.30% compared to WC and CAC-based reference
specimens. This can be attributed to the positive effect of
WMP substitution at low rates, as WMP reduces the poros-
ity of mortar samples. In addition, 5% WMP did not signifi-
cantly affect WC and OPC-based mixtures, while using 10%
WMP significantly improved the strength.

Figure 7. Sorptivity coefficient results of mixtures.

Although adding 15% WMP in all cement types de-
creased the flexural strength, it was higher than the refer-
ence specimens. The flexural strength of the OPC-15, WC-
15, and CAC-15 series was 5.91%, 7.52%, and 8.28% higher
than the control specimens.

4.2.3. Capillary Water Absorption and Sorptivity

Coefficients

Capillary water absorption values of the mixtures are
presented in Figure 5. Capillary water absorption values de-
creased with increased WMP ratio in all cement types. This
can be attributed to the reduction of porosity in mortar
specimens due to the filling effect of WMP use. Topgu [37]
reported that adding WMP fills the voids in self-compact-
ing concrete (SCC) and reduces capillary voids due to high
workability. Aliabdo et al. [10] reported that the porosity of
concrete decreased with the increase of WMP in the case of
partial substitution of cement with WMP for different w/b ra-
tios. Increasing the WMP ratio from 0 to 15 in OPC-based
mixtures decreased the 6-hour surface water absorption value
by 26.7%. Increasing the WMP ratio from 0% to 15% in WC
and CAC-based mixtures decreased the capillary water ab-
sorption value by 31.65% and 33.30%, respectively. The least
capillary water absorption was obtained from CAC-based
mixtures among the different cement types. Ashish et al. [38]
observed that substituting WMP instead of cement in con-
crete reduced the water absorption rates of concrete mixtures.
Gupta et al. [39] stated that substituting up to 10% WMP
reduced water absorption. This result is attributed to the
pore-filling effect decreasing the void percentage due to the
fineness of the WMP. Khodabakhshian et al. [40] and Zhang
et al. [41] determined that the substitution of 5% SF along
with 5-20% WMP reduces water absorption due to additional
C-S-H gel filling the pores and improving the microstructure.
The absorption and time relationship of OPC, WC, and CAC-
based mixtures are presented in Figure 6a—c, respectively.

To calculate the sorptivity coefficient, the amount of
water adsorbed (mm?®) per the cross-section of the speci-
men in contact with water (cm?) (Q/A) was plotted against
the square root of time (t), then k was determined from
the slope of the linear relationship between Q/A and t. The
sorptivity and correlation coefficients of all mixtures are
given in Figure 7. As can be seen from Figure 7, the sorp-
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tivity coefficient decreased as the WMP ratio increased for
all cement types. Due to the small particle size of WMP,
the pores at the interfaces between the paste or aggregate
and the cement paste are filled with WMP, resulting in
smaller capillary pores. The lowest sorptivity coefficient in
OPC-based mixtures was obtained from the mixture series
using 15% WMP with 0.0522 mm/min"2% This value was
26.06% lower than the OPC-0 series without WMP. Adding
5%, 10%, and 15% WMP in WC-based mixtures decreased
the sorptivity coefficient by 4.79%, 16.95% and 30.82%, re-
spectively. The lower sorptivity values of WC-based mix-
tures compared to OPC-based mixtures can be attributed
to the reduction of capillary pores due to the finer particle
size of WC compared to OPC. The lowest sorptivity value
among all mixes was calculated with 0.0342 mm/min"? in
the CAC-15 series. This value was 34.36% lower compared
to the CAC-0 series. In addition, the sorptivity value of the
CAC series using 15% WMP was 34.48% and 15.34% lower,
respectively, compared to the OPC-15 and WC-15 series.
The lower sorptivity coefficient of CAC-based mixtures
compared to OPC and WC can be explained by the denser
structure of CAC's metastable phases (CAH, and C,AH,)
compared to the C-S-H phases in OPC. Moffatt [42] report-
ed that CAC samples had a lower chloride diffusion coeffi-
cient than OPC samples and attributed this to the denser
structure of CAC.

4.3. Properties of Mortar Specimens After Freeze-
Thaw Cycles

4.3.1. Residual Compressive Strength

All mixture specimens were subjected to freeze-thaw
cycles after a 28-day curing period. The number of cycles
was determined as 30, 60, and 90. After the process counts,
no significant deterioration occurred in the specimens,
which can be attributed to the high amount of binder. Re-
sidual compressive strength results of the mixtures after 30,
60, and 90 cycles are presented in Figure 8. The reduction
in compressive strength of OPC-based mixtures after 30 cy-
cles varies between 3.1% and 5.3%. While the least strength
drop was obtained in the OPC-5 series, the highest decrease
was calculated in the OPC-15 series. Similar to the com-
pressive strength results before the freeze-thaw cycles, the
residual compressive strengths of the mixtures using 5%
and 10% WMP were higher than the OPC-0 series.

After 60 freeze-thaw cycles of the OPC-based mixtures,
the residual compressive strengths of the OPC-0, OPC-5,
and OPC-10 series were obtained as 86.39 MPa, 87.95 MPa,
and 89.26 MPa, respectively. However, despite being high
in compressive strength, the relative residual compressive
strength (the ratio of residual compressive strength after
freeze-thaw to initial compressive strength) was deter-
mined as 0.941, 0.942 and 0.940 at 0%, 5%, and 10% WMP
change, respectively. A similar situation was observed after
90 cycles. Although the residual compressive strength of
the OPC-5 and OPC-10 mixture series was higher than the
OPC-0 series, the relative residual compressive strength was
determined as 0.893, 0.892, and 0.891 for the OPC-0, OPC-
5 and OPC-10 mixtures, respectively. As a result, the addi-

Figure 8. Residual compressive strengths after freeze-thaw.

tion of 5% and 10% WMP did not cause a significant effect
on the strength of the mixtures after 60 and 90 freeze-thaw
cycles. This can be attributed to the fact that the C-S-H gel
content decreased due to WMP without pozzolanic activity,
but the low range (5% and 10%) of WMP compensated for
the decrease in strength due to the filling effect. Ince et al.
[16] reported that concrete samples containing silica fume
and waste marble powder suffered less strength loss after
freeze-thaw cycles than the reference sample. Gencel et al.
[43] stated that using waste marble powder instead of ag-
gregate in concrete paving blocks increases the freeze-thaw
resistance. With an increased WMP ratio of 15%, the freeze-
thaw resistance of OPC-based mixtures decreased. After 60
and 90 cycles, the relative residual compressive strength of
the OPC-15 series was obtained as 0.930 and 0.864. Increas-
es in the amount (%15) of WMP cause a further reduction
of hydration products, creating a loose structure that will
increase free water and expansion stress during freeze-thaw
cycles, resulting in more strength loss.

When the compressive strengths of WC-based mix-
tures after freeze-thaw cycles are examined in Figure 8, it
is observed that the strength loss after 30 cycles varies be-
tween 2.8% and 4.2%. When the cycle number increased
to 60 in WC-based mixtures, 5.3%, 7.1%, and 4.7% loss
occurred in the compressive strength of the mixtures con-
taining 0%, 5%, and 10% WMP, respectively. Similar to
the compressive forces before exposure to freeze-thaw, the
residual compressive strengths of 5% and 10% WMP were
higher compared to the WC-0 series. After 90 freeze-thaw
cycles, 0%, 5%, and 10% WMP substitution to WC-based
mixes reduced the relative residual compressive strength
to 0.880, 0.888, and 0.890, respectively. Similar to OPC-
based mixtures, using WMP in low proportions showed a
filling effect, making the mortar structure denser and pre-
venting a further decrease in strength despite the decrease
in C-S-H structure. In the case of 15% WMP addition, the
reduction in strength after 60 and 90 cycles was obtained
as 7.3% and 15.5%, respectively. The freezing and thaw-
ing resistance of concrete or mortar highly depends on
the amount of hydration products and pores. Due to the
absence of significant differences in the chemical compo-
sition of OPC and WG, the strength drops after cycles are
also significantly similar.
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Figure 9. Residual flexural strengths after freeze-thaw.

When the results of CAC-based mixtures are examined,
the reductions in strength after 30 cycles range from 2.5% to
7.3%. The least strength loss was calculated from the CAC-10
series, and the maximum strength reduction was calculated
from the CAC-15 series. Significant strength losses occurred
in CAC-based mixtures when the number of cycles increased
to 60. After 60 freeze-thaw cycles, strength loss happened in
the CAC-0, CAC-5, CAC-10, and CAC-15 series at 16.5%,
15%, 10% and 20.1%, respectively. Although there was a
decrease in strength loss with an increase in WMP ratio to
10%, the addition of 15% WMP increased the strength loss.
After 90 freeze-thaw cycles, the compressive strength loss
in CAC-based mixtures using 0%, 5%, 10%, and 15% WMP
was obtained as 24.4%, 24.1%, 17.1%, and 27.7%, respective-
ly. Although the compressive strength losses are higher than
other cement types, the highest compressive strength was
determined in the CAC-10 series in all cycle numbers.

The lower freeze-thaw resistance of CAC-based mix-
tures compared to other cement types can be explained by
the transformation of the metastable phases (CAH,  and
C,AH,), which are the hydration products of CAC, into sta-
ble C,AH,. With this phase transformation, the porosity of
the concrete increases, and its compressive strength decreas-
es [44]. This conversion reaction accelerates at high tempera-
tures and moisture content [45]. As a result, moisture chang-
es in the specimens during the freeze-thaw cycles may cause
a decrease in strength by accelerating phase transformations.

4.3.2. Flexural Strength

The flexural strength results of the mixture specimens
after freezing and thawing are given in Figure 9. After 30
cycles, the flexural strength of the OPC-based mixtures de-
creased between 2.6% and 6.1%. When the number of cy-
cles increased to 60, a decrease in bending strength of 4.3%,
5.3%, 8.8%, and 6.6% were detected in the OPC-0, OPC-5,
OPC-10, and OPC-15 series, respectively. Relative residual
flexural strength values of the mixtures using 0%, 5%, 10%,
and 15% WMP after 90 cycles were determined as 0.888,
0.855, 0.825, and 0.831, respectively. Although the strength
losses increased with the addition of WMP, the residual flex-
ural strengths were higher than the OPC-0 series without
WMP. The highest residual flexural strength of OPC-based
mixtures in all cycles was obtained in the OPC-10 series.

Flexural strength loss in WC-0, WC-5, WC-10, and WC-
15 mixture series after 30 cycles in WC-based mixtures was

Figure 10. Cumulative capillary water absorption results
after 30 freeze-thaw cycles.

determined as 4%, 4.4%, 7.3% and 7.4%, respectively. After
30 cycles, the highest flexural strength was obtained from the
WC-10 series. The flexural strength reduction after 60 cycles
was determined as 6.7% to 11.3% in WC-based mixtures. Af-
ter 90 cycles, the strength drops became more pronounced.
The relative residual flexural strengths of the WC-0, WC-5,
WC-10, and WC-15 mixture series were obtained as 0.909,
0.909, 0.846, and 0.858, respectively. After all cycles, the re-
sidual flexural strengths of WMP-added mixes were higher
than those without WMP.

As seen in Figure 8, the residual compressive strengths of
the WMP-added CAC-based mixtures were higher than the
non-WMP mixture after freeze-thaw cycles. Similar to OPC
and WC-based mixes, the highest residual flexural strength
after all cycles was determined in the CAC-10 series. Using
0.5%, 10%, and 15% WMP in CAC-based mixtures after 30
cycles decreased compressive strength of 5.5%, 0.9%, 6.4%,
and 2.9%, respectively. The lowest decrease in strength af-
ter 60 cycles was obtained in the CAC-5 series with 5.1%.
Strength losses in the CAC-10 and CAC-15 series were
11.1% and 7.2%, respectively. After 90 cycles, the relative
residual flexural strengths of the CAC-0, CAC-5, CAC-10,
and CAC-15 series were determined as 0.907, 0.920, 0.858,
and 0.854. Although using WMP in all three cement types
increased overall freeze-thaw flexural strength reductions,
the residual flexural strengths were still higher than in non-
WMP mixtures. This can be attributed to improving the flex-
ural strength of WMP before the freeze-thaw cycles of the
mixes using WMP. In all cement types, the highest residual
flexural strength after 30, 60, and 90 cycles was observed in
the series with 10% WMP replacement.

4.3.3. Capillary Water Absorption and Sorptivity

Coefficient

The capillary water absorption and sorptivity values of all
cement types after 30 freeze-thaw cycles are given in Figures
10 and 11. After the freeze-thaw cycle, capillary water absorp-
tion values increased in all mixtures. As the WMP content
in the mixtures increased, a decrease was observed in the
capillary water absorption values. After 30 cycles, the 6-hour
water absorption value of the OPC-0, OPC-5, OPC-10, and
OPC-15 series increased by approximately 17.42%, 23.47%,
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Figure 11. Sorptivity coefficient results after 30 freeze-thaw
cycles.

Figure 12. Cumulative capillary water absorption results
after 60 freeze-thaw cycles.

21.96%, and 27.05%, respectively, compared to before expo-
sure to freeze-thaw. This was obtained as 15.47%, 15.27%,
12.23%, and 18.42% for the WC-0, WC-5, WC-10, and WC-
15 series, respectively. The capillary water absorption of CAC-
10, which has the highest strength after 30 freeze-thaws, was
obtained as the lowest value at 10.38%. It was determined
that the capillary water absorption values of 0%, 5%, and 15%
WMP substituted mixtures before freezing and thawing in-
creased by 17.07%, 19.62%, and 18.90%, respectively.

As the WMP ratio in the mixtures increased, the sorp-
tivity values decreased. This can be attributed to the filling
effect of WMP. The lowest sorptivity value after 30 freeze-
thaw was obtained from the CAC-15 series with 0.0409 mm/
min'? The sorptivity values of OPC-based mixtures vary
between 0.0655 and 0.082 mm/min"2. The sorptivity val-
ues of the WC-based mixtures were lower compared to the
OPC-based mixtures. This can be attributed to WC's smaller
average grain size than OPC. The lowest sorptivity values in
all cement types occurred in CAC-based mixtures. In CAC-
based mixtures, the sorptivity value decreased from 0.0607
mm/min*? to 0.0409 mm/min'? as the WMP ratio increased.

Capillary water absorption and sorptivity values after 60
freeze-thaw cycles are presented in Figures 12 and 13. After
60 freeze-thaw cycles, the highest capillary water absorption
value in OPC-based mixtures was obtained from the OPC-
0 series with 22.52x10* g/mm?. Capillary water absorption
values decreased as the WMP ratio increased in OPC-based
mixes. As the WMP ratio increased in WC and CAC-based

Figure 13. Sorptivity coefficient results after 60 freeze-thaw
cycles.

Figure 14. Cumulative capillary water absorption results
after 60 freeze-thaw cycles.

mixtures, the capillary water absorption values, except for
the CAC-10 series, approached. This shows that the degrada-
tion of hydration products is more important than the effect
of WMP as the number of cycles increases.

After 60 cycles, the sorptivity of the OPC-based mix-
tures ranged from 0.1038 mm/min'? to 0.1178 mm/min"?,
Similar to capillary water absorption values, the increase in
WMP decreased the sorptivity in OPC-based mixtures. After
60 cycles, the OPC-0, OPC-5, OPC-10, and OPC-15 series
showed an increase in sorptivity of approximately 66%, 80%,
104%, and 98%, respectively, compared to the before freeze-
thaw cycles. The lowest sorptivity value of 0.0935 mm/min*?
in WC-based mixtures was determined in the WC-5 series.
After 60 cycles, the sorptivity values of the WC-based mix-
tures increased in the range of approximately 64% to 133%
compared to the initial sorptivity values. The lowest sorptiv-
ity values were obtained from CAC-based mixtures. Howev-
er, the increase ratio compared to the initial sorptivity values
is higher than other cement types. The increase in porosity
can explain this situation as a result of the transformation of
metastable phases in CAC into stable phases. In the CAC-0,
CAC-5, CAC-10 and CAC-15 series, these values were 64%,
90%, 156% and 155%, respectively. This may be the reason
for significant reductions in compressive strength compared
to other cement types.

Capillary water absorption and sorptivity values after
90 freeze-thaw cycles are presented in Figures 14 and 15.
Capillary water absorption values decreased as the WMP
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Figure 15. Sorptivity coefficient results after 90 freeze-thaw
cycles.

ratio increased in OPC and WC-based mixtures. However,
the opposite situation is seen in CAC-based mixtures, and
capillary water absorption increased with increased WMP.

When the sorptivity values after 90 cycles were exam-
ined, the lowest sorptivity in OPC-based mixtures was ob-
tained in the OPC-15 series. The sorptivity of OPC-based
mixtures ranges from 0.1232 mm/min'? to 0.1456 mm/
min"2 In addition, 106%, 112%, 138%, and 136% increases
were detected in the OPC-0, OPC-5, OPC-10, and OPC-15
series, respectively, according to the sorptivity before expo-
sure to freeze-thaw cycles. In WC-based mixtures, the sorp-
tivity values decreased as WMP increased. Sorptivity values
vary between 0.1077 mm/min'? and 0.1347 mm/min'>
Contrary to OPC and WG, the increase in WMP ratio in-
creased the sorptivity value in CAC-based mixtures. In con-
trast to OPC and WC, it was observed that CAC and WMP
reacted to increase the strength before exposure to freeze-
thaw. The sorptivity values of the CAC-0, CAC-5, CAC-
10, and CAC-15 series were determined as 0.0943, 0.1012,
0.1097, and 0.1112 mm/min'"?, respectively. These values
were approximately 81%, 129%, 182%, and 222% higher
than the baseline values. When this situation is examined, it
can be thought that the capillary void ratio increases signifi-
cantly compared to other cement types. As a result, it causes
significant decreases in compressive strength.

5. CONCLUSIONS

o While adding 5% WMP did not affect the slump-flow di-
ameter much, the flow diameter decreased as the use of
WMP increased. However, the slump-flow diameter of
all mixtures was in the range of 24 to 26 cm. The greatest
loss of workability was observed in CAC-based blends.

o The highest compressive strength values before freeze-
thaw cycles were obtained from CAC-based mixtures.
The compressive strengths of CAC-based mixtures with
5% and 10% WMP replacement were obtained as 98.89
MPa and 104.09 MPa, respectively. The compressive
strengths of the OPC and WC-based mixtures were not
significantly different.

o The highest flexural strength was obtained from the
CAC-10 series with 13.20 MPa. The flexural strength
of the OPC-15, WC-15, and CAC-15 series was 5.91%,

7.52%, and 8.28% higher than the control specimens.

« The most appropriate WMP ratio was 10% in mechan-
ical properties before the freeze-thaw cycles. Decreases
in the strength of CAC-based mixtures after 30 cycles
vary between 2.5% and 7.3%. This was calculated be-
tween 3.1%-5.3% and 2.8%-4.2% in OPC and WC-
based mixtures, respectively.

o The mixtures with the lowest sorptivity values before
the freeze-thaw cycles were CAC-based, and this situa-
tion was similar to the strength results.

« Significant strength reductions occurred in CAC-based
mixtures, especially at 60 and 90 cycle numbers, in mix-
tures exposed to freeze-thaw.
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