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ARTICLE INFO ABSTRACT
Keywords: This study investigated the effects of raw ground colemanite (GC) mineral on concrete strength
Raw ground colemanite and durability. Concrete mixtures were prepared at six replacement levels of GC (0%, 1%, 2%,

Particle size 3%, 4% and 5%, by weight of cement). Fresh state properties of concrete samples were measured.

S:;Z;ret: Schmidt Hammer, ultrasound pulse velocity, abrasion, flexural, and compressive strength tests
Durat%ility were performed on the cube, cylinder and prismatic concrete samples on the 7th, 28th, and 90th

days. As concrete durability has a negative impact on many physical and chemical factors, the
durability properties of the samples after wet-dry, freeze-thaw, sulphate, and chloride exposure
were investigated, resulting in the finding that GC substitution up to 5% yields the desired
compressive strength for the C30/37 concrete class. The optimal GC substitution ratio was
determined to be 3%, as this ratio increases the strength and durability probabilities. It was
decided that raw GC mineral substitution with an average particle size of 12 pm and increasing
adhesion force in concrete production is convenient, particularly in the context of improving
material properties against environmental circumstances, saving cement, and utilizing boron
minerals.

1. Introduction

Cement is the most utilized construction material. Cement production requires high amounts of energy. For this reason, cement is
the product with the highest cost among the materials in concrete [1]. Additionally, its production has harmful effects on the envi-
ronment and human health due to the emission of CO3 [2,3]. Substitution of mineral powders for cement is currently being widely
investigated in order to reduce the harmful effects of cement production. The amount of cement required in concrete production is
reduced with mineral powders substituted for cement. In addition, the strength and durability of cement-based materials can be
improved through the use of substitute materials [4]. Thus, in recent years, the use of boron minerals in cement-based materials has
attracted the attention of researchers [5,6].

The boron element is mostly found in nature as boron trioxide (B203) in boron minerals. Turkey approximately contains 73% of
global B,O3 reserves. The most abundant boron minerals in terms of reserves in Turkey are tincal, ulexite and colemanite [7].
Concentrator plants are utilized for the enrichment of the ore. The concentrated product is subjected to the crushing and grinding
processes in order to obtain the ground product and to package it in the packaging unit respectively. In the end, this colemanite mineral
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becomes a commercial product to be sold with the label “ground colemanite (GC)” (two types, —75 ym and —45 um) [8]. Through
grinding, it is possible to reduce the particle size or crystallite size of a material [9,10]. Thus, it is clear that the physical, mechanical,
electrical and magnetic properties of the material are improved [11]. The particle size and specific surface area of the material added to
the mixture in the production of cement-based materials are crucial physical parameters affecting both strength and durability. As can
be seen in studies conducted to improve the properties of cement-based materials or to utilize waste materials, the particle sizes of
materials that may be alternatives to existing substituted materials (such as silica fume, fly ash, blast furnace slag) are reduced by
grinding processes [12,13]. In contrast, the commercial GC mineral can be used as supplied without further grinding.

Studies about the inclusion of colemanite in mixtures instead of cement or aggregate in cement-based materials are ongoing [14,
15]. Studies on radiation transmission of cement-based materials containing colemanite have received extensive interest.
Cement-based materials produced with colemanite are reportedly good radiation shields [16,17]. Furthermore, it was stated that with
the inclusion of colemanite in cement production, the amount of CO5 released into the atmosphere was lowered by 25-30% [18]. In
previous studies involving the addition of different proportions of colemanite substitute, the most appropriate substitute ratios have
been suggested by researchers. It is recommended to utilize 30% colemanite as an aggregate substitute and up to 5% colemanite as a
clinker or cement substitute [19,20]. Since colemanite significantly increases the setting time of cement-based materials, it is the most
prominent factor in the suggestion of these ratios. Using a high amount of colemanite prolongs the setting time of cement-based
materials significantly. For this reason, it was reported that high amounts of colemanite use may negatively impact strength devel-
opment due to the delay in setting time [21]. Furthermore, especially in studies on radiation transmission, it can be seen that the fresh
state characteristics of the material are not included [22-24]. Investigations were mostly performed on mortar materials. In the
literature, studies on concrete materials containing colemanite can be found. However, when these studies are examined, there are few
studies on concrete strength and durability [25-27]. In order to better understand the effects of colemanite on concrete, it is obvious
that studies with different concrete mixtures (such as cement dosage, water/cement ratio, aggregate type) are needed. Recently, many
studies on concrete have focused on determining the reaction of concrete against durability problems [28,29]. It is important to
experimentally determine the adverse conditions affecting the durability of the concrete. Wet-dry, freeze-thaw, sulphate and chloride
pose risks to the durability of the concrete [30,31]. As of yet, a few studies have been conducted to determine the strength losses that
will occur in concrete when concrete produced with colemanite was exposed to these durability problems.

In the literature, studies on cement/mortar/concrete being substituted or the addition of colemanite mineral/waste (with different
chemical and physical properties) can be found. However, there are very few studies on the substitution of raw GC mineral, a standard
mineral and is commercially available in tons, to cement and the durability of GC mineral substituted concrete. As a substitution
material, impurity components, the thermal properties, particle shape, and particle size of the GC mineral were investigated. The GC
mineral was substituted for cement at ratios of, 1%, 2%, 3%, 4% and 5% by weight. The durability of concrete samples produced with
GC mineral was tested with wet-dry, freeze-thaw, sulphate and chloride conditions, which was followed by a discussion of the results.

2. Experimental procedure
2.1. Materials

In the study, the materials used in concrete production consisted of Portland cement, raw ground colemanite (GC) mineral,
aggregate, superplasticizer (Grace Zyla 420), and tap water.

2.1.1. Cement
Portland cement (CEM I 42.5 R) has a density of 3.12 g/cm?® and a surface area of 3269 cm?/g. Chemical properties of cement are
given in Table 1.

2.1.2. Raw ground colemanite mineral additive

The use of minerals with abundant reserves in concrete technology is crucial for sustainability. The B,O3 component, which is
found in the structure of the colemanite mineral, is reported to affect the fresh and hardened properties of cement-based materials. In
the literature, it was determined that the B,O3 percentages in the preferred structure of colemanite are quite different [26,32,33].

For this study, the colemanite mineral was obtained in raw form GC (—75 um) from the Eti Mine Bigadi¢c Boron Operations
Directorate. Its density is 2.39 g/cm® and its surface area (Blaine) is 3432 cm?/g. The oxidized components of the GC mineral provided
by the manufacturer are given in Table 2. Furthermore, in another study, according to data obtained from the energy dispersive
spectrometer (EDS) and the X-ray diffractometer (XRD) [34], it can be clearly seen that the GC mineral is not pure colemanite
(2Ca0-3B;03-5H,0), and also that it has small amounts of the Si, Mg, Sr, S, Al, Na, and Fe elements. When the data in Table 2 are
considered, it can be understood that the GC mineral may contain natural impurities ranging from about 4-13% by weight.

The thermal properties of the GC mineral were examined with Thermogravimetry (TG) and the Differential Thermal Analysis (DTA)
simultaneous thermal analyzer (Netszch, model "STA 449 F3 jupiter"). TG/DTA measurements were performed at 25-1000 °C

Table 1

Chemical properties of cement.
Oxide CaO Al,O3 Fe,03 SiO, SO3 MgO Na,O Loss of ignition Insoluble matter
Value (%) 62.64 4.56 3.36 19.05 2.88 2.98 0.15 3.02 0.30
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Table 2

Chemical properties of ground colemanite mineral.
Oxide B,03 CaO Al,O3 Fe,03 Si0, SO4 MgO Na,O SrO Loss of ignition
Value (%) 40 +£ 0.5 27 +1 <0.4 <0.08 4-6.5 <0.6 <3.0 <0.5 <15 <25.0

temperature, 10 °C/min heating rate and nitrogen atmosphere conditions. Fig. 1 depicts the TG/DTA curves of the GC mineral. TG
(mass change) value reduced to 99% at 300 °C, to 98% at 375 °C, to 86% at 425 °C, to 81% at 500 °C, to 79% at 650 °C, to 74% at
825 °C and to 73% at 1000 °C. A small peak at 405 °C, a narrow peak with high intensity at 410 °C and a small peak at 810 °C appeared
in the DTG (difference in mass change) curve. A high endothermic peak at 396 °C, an endothermic peak at 725 °C, an exothermic peak
at 754 °C, and an endothermic peak at 812 °C were found in the DTA curve. From this data, it was determined that a large decom-
position occurred around 400 °C. This result was caused by the breaking-off of OH bonds from the crystal structure of pure colemanite
mineral, in other words, a certain molar value of 5 mol HyO crystal water being removed from the structure (dehydration mechanism)
[35,36].

The mass loss of 1% at 300 °C observed in the TG curve was attributed to moisture or superficial water [37]. From this result, it was
determined that there was no decomposition from the crystal structure of the GC mineral at wet-dry, freeze-thaw and oven temper-
atures. The loss value of 27% at 1000 °C obtained in the TG curve verifies the ignition loss value of 25% by weight in Table 2.

Morphological analysis of the GC mineral was carried out through a stereo optical microscope (SOM) (Olympus, model *SZ61") with
a digital camera and a scanning electron microscope (SEM) (Jeol, model 'JSM-6610’). SOM image, which is more practical and
cheaper, was recorded under white light, and the SEM micrograph was recorded at 20 kV after the application of gold coating. First,
SOM images of the GC mineral are presented in Fig. 2(a) and (b). In the SOM image at x15 magnification (visible to the naked eye), it
was observed that the mineral was grey in colour and its particle size was less than 100 um. However, in the SOM image under x45
magnification, it was discerned that the mineral also includes a small number of different colours. These different colours are thought
to be due to the presence of impurities given in Table 2. In addition, each colour means either a different mineral or other component in
its mineral composition. It is known that colemanite mineral deposits also include compounds such as calcite, clay minerals, cristo-
balite, and celestite [38].

The analyzed SEM micrograph and particle size distribution (PSD) of the GC mineral are illustrated in Fig. 3(a) and (b), respec-
tively. In the SEM micrograph of the GC mineral under x500 magnification, it was observed that the particles did not have a homo-
geneous distribution. It was realized that the particles generally have sharp edges and irregular shapes, but ones with a size of less than
25 pm are relatively close to rounded shape. To learn more about particle size, a detailed analysis was conducted using a piece of
software on the SEM micrograph (Fig. 3(a)). It was detected that the particle size ranged from 77.851 um to 335 nm. This finding
indicates that the GC mineral has a sub-micron size, and moreover, this finding agrees with the dp;; = 420 nm (the smallest particle
size) value derived from the PSD measurement conducted through a laser size analyzer in another study [27]. PSD was used to inspect
over 100 individual pieces of data and the particle size was determined to be generally less than 40 pm (Fig. 3(b)). Furthermore, the
Gaussian fit curve with 3 parameters for PSD was drawn and found to be R?= 0.99. It is obvious that the strength of cement-based

DTG /(%/min)

TG /% DTA /(uV/mg)
100 { ==—rn— £eak: 754.0°C, 0.154 pvimb €XQ 10
+0.1
F5
95 - +0.0
. s i a3 .....__........_.._4£, -01 0
90 A +-0.2
H-5
Mass Change: -27.14 %,
r-0.3
85 1
04 -10
80 - -0.5 15
+-0.6
H-20
75 1 r-0.7
eak: 396.0 °C, -0.766 pV/mg Residual Mass: 72.86 % (999.8 °

100 200 300 400 500 600 700 800 900
Temperature /°C

in 2018-08-19 14:34 User: Administrator

Fig. 1. TG/DTA curves of GC mineral.
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Fig. 3. (a) Analyzed SEM micrograph and (b) particle size distribution of the GC mineral.

materials is strongly affected in a positive manner by particle sizes in the range of 3-30 um [39]. In the study, the average particle size
value was calculated to be 12.386 um. This value is very close to the dsp = 20.683 pm (the cumulative volume per cent passing as 50%)
value obtained from the PSD measurement by a laser size analyzer in another study [27]. The fact that the average particle size
calculated from SEM analysis is slightly smaller than the value obtained by the laser PSD measurement can be attributed to the
agglomeration of the particles [40].

2.1.3. Aggregates
Concrete production was conducted with fine (0-5 mm), coarse-1 (5-12 mm), and coarse-2 (12-25 mm) andesite aggregates. The

experimental granulometry curve of the aggregates used in the study can be seen in Fig. 4, and its physical properties are listed in
Table 3.
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Fig. 4. Granulometry curve of aggregates.
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Table 3
Physical properties of aggregates.
Type of aggregate Density (g/cm®) Water absorption (%)
Fine aggregate 2.63 2.30
Coarse aggregate-1 2.70 1.65
Coarse aggregate-2 2.72 1.20

2.2. Mix proportions

The GC-free concrete mixture contained 350 kg/m> cement as a binder. In other mixtures, cement was reduced by 1%, 2%, 3%, 4%,
and 5% of the cement weight and replaced with GC minerals of the same amount. The superplasticizer was used as up to 0.8% of the
binder amount in the mixtures. For convenience, GC-0 was used for the concrete sample that does not include GC minerals. The GC-1,
GC-2 GC-3, GC-4 and GC-5 notations were assigned to the concrete samples containing 1%, 2%, 3%, 4% and 5% GC, respectively.
Substitution ratios of GC mineral to cement and the symbols of the samples are depicted in Table 4.

2.3. Methodology

In this study, fresh concrete mixtures were prepared by replacing the GC mineral with cement in various proportions. After the
density [41], slump [42] and air amounts [43] of fresh concrete were determined, they were placed in molds. Molds with a size of
150x150x150 mm for compressive strength, 100x100x400 mm for flexural strength, 100 x 200 mm for tensile strength in split and
71x71x71 mm for abrasion resistance were used. The continuation of the study consists of two parts: strength and durability.

2.3.1. Hardened properties of concrete mixtures

In the first section where the hardened properties were examined, the flexural [44], splitting tensile [45] strengths and abrasion
[46] resistance of concrete samples were also determined. For the strength tests carried out on concrete samples, 3 samples were tested
and averaged for all ages. Furthermore, measurements were made with the Schmidt hammer (SH) and ultrasound pulse velocity (UPV)
tests, ones among non-destructive tests. Strength tests were performed on the 7th, 28th, and 90th days.

The second part of the study consisted of the examination of durability properties. The concrete durability was tested through
exposure to the wet-dry cycle, the freeze-thaw cycle, sulphate and chloride. All durability tests were performed on 150x150% 150 mm
sized concrete samples. The mass, SH, UPV and compressive strength of the samples left in physical and chemical environments were
ascertained. Concrete samples exposed to physical and chemical environments were compared with samples (control mix) that were
water-cured. For the strength and durability experiments, a total of 288 concrete samples in different shapes and sizes were produced
within the scope of this study.

2.3.1.1. Wet-dry cycles test. Concrete samples were dried at 100 & 5 °C for 24 h, their masses were found at room temperature. The
samples were kept in tap water for 48 h. Afterwards, they were dried in an oven at 100 + 5 °C for 24 h. This process was accepted as
the one wet-dry cycle, and a total of 20 wet-dry cycles were utilized (Fig. 5). The masses of the samples were measured at the end of
each cycle [47,48].

2.3.1.2. Freeze-thaw cycle test. Concrete was subjected to freeze-thaw cycles. Before the test, concrete samples were dried at 100
+ 5 °C for 24 h and their masses were determined at room temperature. The samples were placed in metal sample containers filled
with water at 20 + 5 °C. In the test device, the temperature was gradually decreased from 20 °C to — 17.5 °C. This circumstance is
expressed as “freeze” in Fig. 6. In the second step, the samples were exposed to a temperature increase from — 17.5-20 °C and a thaw
environment was created. One cycle of the entire test lasted 24 h. The freeze-thaw cycle given in Fig. 6 was repeated 10 times with the
adjusted air conditioner (Binder, model "MKF 240"). After the freeze-thaw cycle, the masses of the concrete samples were measured
[49].

2.3.1.3. Effect of sulphate and chloride. MgSO4 (sulphate) and NaCl (chloride) were used to find the resistance of concrete samples
produced with GC mineral substitution to chemical environments. Sulphate and chloride had purity above 99%. The concrete samples,

Table 4

Mix proportions of concrete (kg/: m®).
Symbols GC-0 GC-1 GC-2 GC-3 GC-4 GC-5
GC replacement rate 0% 1% 2% 3% 4% 5%
Cement 350.0 346.5 343.0 339.5 336.0 3325
GC 0.0 3.5 7.0 10.5 14.0 17.5
Water 157.5 157.5 157.5 157.5 157.5 157.5
Fine aggregate 925.5 925.1 924.6 924.2 923.8 923.3
Coarse aggregate-1 408.7 408.5 408.3 408.1 407.9 407.7
Coarse aggregate-2 589.0 588.7 588.4 588.2 587.9 587.6
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Fig. 6. Freeze-thaw cycle (1 cycle).

which were cured in water for 28 days, were dried for 24 h at 100 + 5 °C, their masses were ascertained at room temperature, and they
were then kept in chemical environments until the 90th day. The concentration of the chemical environment was prepared to be 5%
MgSO4 and 5% NaCl. Chemical solutions were re-prepared every 10 days. After the chemical exposures, the masses of the concrete
samples were measured at room temperature as soon as they were dried.

3. Results and discussion
3.1. Fresh concrete properties

Fresh state properties of concrete samples are presented in Table 5. It was determined that the GC mineral substitute, when used up
to 5%, decreased the workability and air content of the concrete. This can be elucidated by the fact that the density of GC mineral is
smaller than cement. The low-density mineral contained more in concrete by volume than cement. In studies conducted with GC
substitutes, the number of studies examining the colemanite effect on fresh state properties of concrete was found to be limited. In a
study investigating slump values, it was observed that the use of colemanite as a cement substitute reduced the workability of concrete
and that this was expressed through the high ignition loss value of colemanite [50]. In another study, it was observed that colemanite
increases the workability of concrete, whereas no change in the slump class was found [26]. When the properties of colemanite used in
these studies are analysed, it was found that there are differences in their physical and chemical values. Furthermore, when the
measurements with colemanite substitution up to 5% are considered, the obtained slump values indicate that colemanite has no
significant effect on workability. In conclusion, both this study and others in the literature demonstrate that substituting low amounts
(5%) of colemanite by weight to cement will not significantly alter its workability. This circumstance can be explained through the fact
that the specific surface value of colemanite (3432 cmz/g) is close to cement (3269 cmz/g).

3.2. Effect of raw ground colemanite mineral on the strength of concrete

The determined compressive strength and strength increase rate of the concrete samples were presented in Fig. 7. Compressive
strength of GC substituted samples measured on the 7th day were found to be lower than non-GC substituted samples. With the
retarding effect of colemanite, the low compressive strength of the samples containing GC was an expected result [25,33]. According to

Table 5

Fresh state properties of concrete samples.
Experiments Types of concrete

GC-0 GC-1 GC-2 GC-3 GC-4 GC-5

Density (g/cm?) 2.38 2.37 2.38 2.35 2.36 2.36
Air content (%) 1.5 1.4 1.3 1.3 1.2 1.3
Slump value (mm) 135 130 130 125 120 110
Slump class (S1~S5) S3
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the literature and the results of this study, it is obvious that colemanite decreases the strength development of concrete at an early
stage. When the 28-day compressive strength results of concrete samples are analysed, it can be observed that all samples met the
target compressive strength (C30/37). The compressive strength of concrete, an important mechanical property, is usually determined
after 28 days of standard curing [51]. The compressive strength results show that all GC ratios (1%~5%) can serve as substitute
materials for cement. However, although GC substitutes met the target strength, not all GC-containing samples could reach a
compressive strength above the sample without GC. From the 28-day compressive strength results, the highest compressive strength
belonged to the GC-3 sample and the lowest compressive strength belonged to the GC-5 sample. When the 90-day compressive strength
is examined, it can be seen that the highest one was GC-3 sample and the lowest one was the GC-5 sample, much like the 28-day results.
The noticeable difference between days 28 and 90 pertains to the GC-1 and GC-4 samples. They have lower compressive strength than
the 28th day GC-0 sample. On the 90th day, they have higher compressive strength values than the GC-0 sample. A comparison of the
strength increase rate of the samples obtained on the 28th and 90th days with the 7th day was calculated. The compressive strength of
the mixtures on the 7th day was considered to be 100%. For instance, the compressive strength of the GC-0 sample increased by
15.06% on the 28th day compared to the 7th day. Moreover, it was also decided that the compressive strength of the GC-1, GC-2, GC-3,
GC-4 and GC-5 samples increased by 15.93%, 20.21%, 26.97%, 32.62% and 31.17% respectively. The 90th day strength increase of the
GC-0, GC-1, GC-2, GC-3, GC-4 and GC-5 samples were 32.15%, 38.18%, 45.32%, 51.22%, 57.92% and 56.35%, in turn. With the
increase in the age of the concrete samples, the strength gains were higher in samples containing GC than those without GC. The
strength gain rates demonstrate that the GC-5 sample with the lowest compressive strength can reach a higher compressive strength
than the GC-0 sample over time.

The physical and chemical structure of cement substitute materials are considered to be important parameters for the strength and
durability of concrete in the concrete industry. The fineness of the substitute materials affects the compressive strength of cement-
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based materials. Usually, as the fineness of a cement substitute material increases, its compressive strength increases. The colemanite
fineness values (Blaine) reported in a study examining the effect of colemanite with different physical and chemical properties on the
compressive strength of concrete were given to be 3500 cm?/g, 4000 cm?/g, and 15,000 cm?/g. The highest compressive strength in
the mortars produced with colemanite with different particle sizes belongs to the colemanite mineral with a fineness of 3500 cm?/g in
the study [32]. Considering the chemical content of these materials, it can be seen that colemanite with a fineness of 3500 cm?/g has
the highest B2O3 (40.51%) ratio. This indicates that B,Os3 in the colemanite structure is effective in increasing compressive strength. It
is similar to the physical (Blaine=3432 cm?/g) and chemical (B,O3 =40%) properties of the commercially ground colemanite used in
this study. It was found that B,O3 increases the compressive strength of hardened concrete, while also affecting fresh concrete by
extending its setting time. This situation is similar to the mechanism of the colemanite mineral set retarding additives used in
cement-based materials. Set retarding additives used in concrete slow down the hydration mechanism between cement and water. As a
result of the hardening of concrete, concrete with set retarding additives attain lower strength values at an early age when compared to
plain concrete. Greater strength can be achieved at later ages [52]. The positive effect of colemanite on compressive strength can be
explained by its set retarding effect and the spreading of the hydration mechanism over time. Colemanite use in cement-based ma-
terials was reported to reduce the hydration temperature and drying shrinkage values [21,33]. As it is known, high hydration tem-
peratures and drying-shrinkage are also crucial causes of crack formation in concrete [53-55]. Additionally, the pozzolanic property of
colemanite is mentioned in the literature [14,25,56]. For the natural pozzolan standard, the sum of SiO + Al;03 + FezO3 should be
over 70% [57]. However, the colemanite mineral does not meet this requirement. In this respect, it can be said that colemanite is not a
pozzolan, but instead acts similarly pozzolan as a mechanism of action.

The flexural, splitting tensile and abrasion test results of concrete samples and the association of compressive strength were given in
Fig. 8. According to the 7-day experiment results as in the compressive strength, GC substituted samples have lower flexural and
splitting tensile values. Abrasion loss was found to increase with GC substitution. On the 28th and 90th days, the highest flexural and
splitting tensile strength values were observed in GC-3 concrete sample. The lowest abrasion loss value at these ages also belongs to the
GC-3 concrete sample. Flexural, splitting tensile and abrasion test results were similar to the compressive strength result. When Fig. 8

Fig. 10. Visual assessment of samples after (a) wet-dry (b) freeze-thaw (c) sulphate and (d) chloride.
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(d) is examined, positive linear correlations between compressive strength and flexural strength (R?=0.91) as well as compressive
strength and split tensile strength (R?= 0.88) can be found. There is a negative linear correlation between abrasion loss and
compressive strength (R?= 0.95). Therefore, strong linear correlations were detected between test results. In all mechanical tests, the
highest strength and the least abrasion were achieved on the 28th day with the GC-3 concrete sample. The lowest strength and highest
abrasion were found in the GC-5 sample.

Fig. 9 depicts the UPV and SH rebound values of concrete samples containing GC mineral and the association of these tests with
compressive strength. When the UPV and SH data gathered on the 7th and 28th days were analysed, no regular increase or decrease
with GC substitution was observed. In other words, the UPV and SH values of the samples on the 7th and 28th days were irregular. The
values obtained are not consistent with the GC substitution ratios. This can be explained by the effect of the GC mineral on setting time.
UPV and SH measurements of 90-day samples were found to reach significant values with the hardening time of the samples. There was
no significant correlation between compressive strength and the UPV and SH tests on the 7th and 28th days. Although precise results
cannot be obtained with the UPV and SH tests, they are widely preferred in the evaluation of concrete. Compressive strength results
have a high correlation with these tests. When it comes to estimating compressive strength values using the UPV and SH tests, attention
should be paid to the data collected especially at the early ages of the concrete samples containing colemanite. It should be noted that
reliable data cannot be gathered at an early age with colemanite use. This situation most likely arises due to the hydration process,
which spreads over time as a consequence of the retarded setting duration of the concrete.

Briefly, when the destructive and non- destructive tests investigated in this study are evaluated together, the effect of the GC
mineral can be generally stated better. GC mineral was effective in increasing the strength and reducing the abrasion of concrete. The
best strength and the least abrasion were achieved with 3% GC (GC-3) substitution. This rate differs in some studies in the literature.
The reason for this variation may be properties such as the proportion of chemical components in the colemanite mineral, particle size
distribution, crystal structure, average crystallite size, and crystal water amount. Moreover, the fact that the colemanite structure and
concrete strength is affected by many circumstances such as water/cement ratio, aggregate type, coarse/fine aggregate ratio, concrete
compression, curing of concrete may be the reasons for these differences.

3.3. Effect of raw ground colemanite mineral on durability properties of concrete

In this study, durability tests were based on penetration of water and harmful solutions into the concrete. Concrete durability is
generally related to the penetration and movement of liquids into the concrete [58]. In cement-based materials, water or aggressive
liquids can adversely affect the durability. The durability of concrete samples was tested through exposure to wet-dry, freeze-thaw
cycles, sulphate and chloride. Post-exposure images of samples exposed to these environments were presented in Fig. 10. It is known
that exposure to wet-dry, freeze-thaw, sulphate and chloride impacts the durability performance of concrete [59-61]. The effect of
these aggressive environments on durability is mainly the pore structure of the concrete and water penetration into the concrete.
Damages on concrete surface vary relative to the environments to which the samples were exposed. The surface damages of the
samples exposed to wet-dry and freeze-thaw cycles were observed. Although the damages on the surface of samples exposed to sul-
phate and chloride were observed visually, they have more undefined shapes than those in other conditions.

Fig. 11 shows mass, UPV and SH losses experienced by concrete samples kept in aggressive environments. As can be seen in Fig. 9,
wet-dry exposure, mass, and SH losses of the samples were at a high level, and UPV experienced the least amount of losses. This can be
attributed to the deformation of the concrete surface caused by the sudden temperature change during the wet-dry cycle. It is clear that
the SH test is affected by the surface properties of the concrete and that small mass losses in concrete start from the surface. Therefore,
with the wet-dry cycles, the highest mass losses were seen in SH measurements. The UPV test is generally used to evaluate the internal
structure of concrete, and it is obvious that there is an association between mechanical properties [62]. It can be said that with the
wet-dry cycle, less damage occurs in the internal structure of concrete than in other environments. Among the concrete samples, GC-3
was the sample least affected by all aggressive environments. When the mechanical properties of concrete samples (Fig. 7) were
analysed, the GC-3 sample had higher strength properties than other samples. The fact that the GC-3 sample has low mass, UPV and SH
losses was to be expected due to higher strength.

Compressive strength and strength losses of concrete samples exposed to aggressive environments are shown in Fig. 12. Just as in
the results of mass loss, it was found that the highest compressive strength losses occur due to the wet-dry cycles. The strength losses of
the GC-1, GC-2 and GC-3 samples are less than the GC-0 sample. The GC-4 sample generally has values very close to the GC-0 sample.
The GC-5 concrete sample always has the highest strength losses. As a result of the durability tests, the weight and strength of the
concrete had decreased. In a previous study, city tap water used in wet-dry and freeze-thaw experiments indicated that higher strength
losses would occur if the water in the environment is exposed to concrete with solutions such as sulphate and chloride [63]. The effect
of wet-dry and freeze-thaw cycles on the deterioration of concrete strength is a known fact [30,31,63,64]. Besides, as the number of
these cycles increases, its effect on concrete also enhances. If wet-dry cycles occur with aggressive liquids, the severity of damage to
concrete structures will increase [65]. Water is the cause of damage to samples in durability tests. All the experimental conditions are
related to water penetration into the concrete and its movement within it. In the durability tests, the pore structure of concrete samples
and the bond strength of cement with aggregate are especially essential. Based on the results of the strength and durability experiments
in this study, it was deduced that GC not only increased the strength of concrete but also improved its durability. This is very well
matched by the result of a previously reported study [27]: Since the average particle size of GC (dsp = 20.683 um) is close to that of
cement (dsp = 16.254 pm), the GC strengthens the adherence. A comment can also be made based on the ds value. Because of the low
density, the total volume (V) of GC substituted for cement in the same amount of mass is high. When the particle shape is assumed to
be spherical for the sake of simplicity, it can be said that although the volumes (Vex(ds)®) of the particle are approximately the same,
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the particle number (N) of the GC will increase (Eq. (1)). With the increasing number of particles, the pore will fill more. In conclusion,
the adhesion force increases as porosity decreases.

A (dy®
Vi =NV = N§n<7) (@9)]

4. Conclusions

In this study, the durability (wet-dry, freeze-thaw, sulphate and chloride) of concrete samples produced with raw ground cole-
manite (GC) mineral substitution was experimentally analysed. The results are as summarized below:

11



C. Kara et al. Case Studies in Construction Materials 19 (2023) e02393

The application of GC mineral substitution up to 5% to cement does not negatively affect the workability of fresh concrete.
Depending on the retarded setting and hydration duration, GC substituted mixtures have lower compressive strength, flexural strength,
and splitting tensile strength values on the 7th day compared to the control mixture. However, with the increase of concrete age, an
increase in the strength values of all GC substituted mixtures was determined. Abrasion resistance, UPV and SH values also confirm the
results of strength test. It was observed that the GC mineral is effective in improving strength and abrasion resistance. The GC mineral
reached the target strength (C30/37) at all substitution rates. The GC-3 mixture showed the best mechanical properties among the
produced concrete. The GC mineral is effective in improving compressive strength as well as concrete durability. It was detected that
mixtures produced with GC mineral substitution up to 3% were less damaged than the control mixture in terms of mass loss due to wet-
dry, freeze-thaw cycles, sulphate and chloride effects, UPV, SH and compressive strength. In the durability tests, it was observed that
the most unfavourable condition causing damage to concrete was the wet-dry cycle. The GC-3 mixture indicated the best durability
under aggressive environmental conditions, due to its strength properties. In conclusion, it was seen that raw GC mineral substitution
with an average particle size of 12 pm (ranging from 77.851 um to 335 nm) improves both the strength and durability properties of
concrete as adhesion force increases with the particle number.
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