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Abstract. In this study, various properties and the alkali silica reaction
(ASR) of mortars containing borogypsum were investigated. In the first stage a
complete physical, chemical, mineralogical, molecular characterization of the
borogypsum and cement were performed. In the second stage, the alkali silica
reaction, mechanical and porosity properties of mortars, replacement 0, 1, 2, 3
and 4% borogypsum by weight were determined. According to experimental
result, from a mineralogical perspective, the borogypsum was observed to have
a sharp crystal structure and possess a mineralogical composition of calcite,
colemanite and celestine. Looking from a molecular perspective, the similar OH,
CaO, B-OH and H-OH bonds were displayed in the close wavenumbers. As the
results of 14 days measurements were analyzed, the average maximum length
extension was detected to be in the control mortar bars and at the detrimental
zone from the ASR perspective. The average minimum length extension at the
borogypsum with a additive rate of 3 and 4%, was observed to be at the control
zone from ASR perspective. The lowest strength loss in mortars exposed to ASR
effect occured in those with substitution level of 3% borogypsum. When the
flexural strength of mortars exposed to ASR effect was examined, the increase in
strength was observed for borogypsum with all substitution levels (1-4%). The
maximum recovery concerning the minimum volume of mercury intruding the
sample and vacancy rate was observed for the substitution level 3%
borogypsum.
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1 Introduction

Its use as aggregate in materials may in certain circumstances lead to alkali silica
reaction (ASR) related problems. ASR is one of the most studied deleterious degra-
dation mechanisms of concrete, which is particularly harmful. Once detected in a
concrete structure, ASR is very difficult to stop. It is nowadays possible to use mineral
additions like natural pozzolans or sub-products with pozzolanic reactivity to inhibit
ASR in new concrete [1].

Alkali silica reaction (ASR) is one of the degradation process and refers to chemical
reaction between the reactive silica phases in the aggregates and the alkali hydroxides
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in the pore solution of cement-based materials. The reaction results in the formation of
alkali—silica gels and/or alkali—calcium-silica gels. These gels which absorb water and
swell can lead to the formation of micro cracks [2—-10].

Adjustments and improvements to the present concrete making methods are
essential in order to address environmental and economic issues. This has encouraged
researchers in the area of concrete engineering and technology to investigate and
identify supplementary by-product materials that can be used as substitutes for con-
stituent materials in concrete production [11]. Borogypsum is formed by reacting
colemanite with sulphuric acid in the production of boric acid and is obtained by
filtering the reaction mixture on the filter presses. The material mainly consists of
gypsum, B,O3; and some impurities and causes various environmental and storage
problems. B,Oj is dissolved by rain water and mixed with soil. High amount of boron
content, which has toxicological effect, leads economic losses and also causes envi-
ronmental pollution [12-14].

Boron is one of the most important ores in Turkey which possesses 72% of the
world boron reserves. The most important boron minerals in Turkey are colemanite,
ulexite and tinkal. The amount of Borogypsum waste is approximately 550,000 tons
per year. Therefore, its positive effects on concrete properties borogypsum have
recently been drawn attention by some researchers [15].

There are a number of studies in the literature which investigated the use of bor-
ogypsum as a cement additive [15-18].

Some studies focused on the use of borogypsum in mortar production as a cement
replacement [19-22]. On the other hand, some researchers studied leaching kinetics of
borogypsum by leaching with water [20-25]. However, only a few studies investigated
the effect of borogypsum on the properties of concrete specimens [26, 27]. It is believed
that has an effect borogypsum on the strength and consistency properties of concrete
warrants further research.

There are a number of studies in the literature which investigated the use of pore
size distributions which were measured using mercury intrusion porosimetry (MIP).
Mercury intrusion porosimetry (MIP) is a widely used technique for characterizing the
distribution of pore sizes in cement-based materials. It is a simple and quick indirect
technique, but it has limitations when applied to materials that have irregular pore
geometry [28-31].

The primary objective of this study is to investigate the usability of borogypsum in
cementbased mortars a mineral additive and its effect on XRD analysis, FT-IR analysis,
expansion test, compressive and flexural strength and mercury intrusion porosimetry
(MIP) tests.

2 Materials and Methods

In this study, standard Portland Cement CEM I (PC 42.5 N/mmz) with a specific
gravity of 3.17 g/cm® was used. Initial and final setting times of the cement were 160
and 210 min, respectively. The blaine specific surface area was 3625 cm?/g.
Borogypsum used in the experiments was supplied by Etibor Bandirma Borax and
Boric Acid Plants in Turkey. The specific gravity of Borogypsum was 2.25 g/cm®.
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Blaine specific surface area was 19170 cm?/g. The remaining of the borogypsum on 50
and 20% sieves were 5 and 1.3 pm respectively. Elemental analyses of samples were
carried out by X-ray fluorescence (XRF) spectrometry technique. Chemical, physical,
XRD, FT-IR and Porosimetry analyses were conducted for the samples used in the
experiments. Chemical analyses of cement and borogypsum are performed on ARL
8680 S X-ray diffraction. Surface areas are determined as Blaine values by Toni
Technic 6565 Blaine and specific weights are determined by Quantachrome MVP-3.
The mineralogical properties are determined by Rikagu miniflex XRD device using Cu
K, (A = 1.54 A) radiation. FT-IR analyses are conducted using Bruker Vertex 70 in
the wave number range of 4004000 cm™'. Pore size distributions were measured
using mercury intrusion porosimetry (MIP) [32].

The chemical compositions of cement and borogypsum are presented in Table 1.
The grain distribution of borogypsum is shown in (Fig. 1).

Table 1. Chemical composition of cement and borogypsum

Materials Cement Borogypsum
Chemical composition: wt%
SiO, 20.01 4.55
Al,O4 5.15 1.30
Fe,04 3.51 0.35
CaO 62.97 27.72
MgO 2.25 1.48
SO; 2.95 37.75
Na,O 0.47 -
K,O 0.87 0.77
B,0; - 4.30
Loss on ignition 2.17 21.78
CaO free - -
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Fig. 1. The grain distribution of borogypsum
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Dry and clean natural crushed stone aggregates were used with a maximum size of
4 mm. The absorption value and relative density at saturated (A-RD-SSD) condition of
aggregate were WA,y = 1.2% and p, = 2.71, pn = 2.65, psa = 2.66 respectively.
The methylene blue value of aggregate was My = 0.75 g/kg. Other characteristics of
the aggregates are provided in Table 2. The compositions of each aggregate group are

illustrated in Table 3. City water of the province of Ankara was used.

Table 2. The characteristics of the aggregates

Characteristics Standards Results

Very fine material TS EN 933-1 %9

Bulk density (mg/m®) TS EN 1097-3 1.65

Chlorides (%) TS EN 1744-1 0.0042
Acid-soluble sulfate (%) TS EN 1744-1 AS0.2 < 0.2
Total Sulfur (%) TS EN 1744-1 0.009

Organic matter TS EN 1744-1:15.1 -

Fulvo acid content TS EN 1744-1:15.2 -

Lightweight organic pollutants TS EN 1744-1:14.2 MLPC = 0.0%

Table 3. Aggregate gradation

Sieve size

The remaining material between of the

two sieve (%)

4.75 mm (no: 4)-2.36 mm (no: 8)
2.36 mm (no: 8)-1.18 mm (no: 16)
1.18 mm (no: 16)-600 pm (no: 30)
600 pm (no: 30)-300 pm (no: 50)
300 pm (no: 50)-150 um (no: 100)

10
25
25
25

15

In this study, the cement was used for the preparation of reference samples. Bor-
ogypsum was blended in this cement at rates of 0, 1, 2, 3 and 4%. Therefore, a total of
five different cements were used and those were codified as (Boron Gypsum-BG) BGO,
BGl1, BJ2, BG3 and BG4. The compositions of each mortar sample (25 x 25 x 285 mm°)
mixture are illustrated in Table 4. Mortar bar were prepared according to the

Table 4. Mortar samples mixture ratio for ASR (g)

Mixture Borogypsum Cement Aggregate Water Ww/C
BGO 0 440 990 206.8 0.47
BGl1 4.4 435.6 990 206.8
BG2 8.8 431.2 990 206.8
BG3 13.2 426.8 990 206.8
BG4 17.6 4224 990 206.8
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ASTM C 1260-07 standard [33]. They were demoulded 24 h after casting, and after
were immersed in water at 23 °C and stored in a climatic chamber at 80 °C for 24 h. After
this period, the initial length of each prism was measured (zero point or initial point), after
which the prisms were immersed in a NaOH 1 M solution at 80 °C for 14 days. During this
period of time, regular length measurements were taken at various ages to check the progress
of the expansion. According to the test limits a mix that has an expansion at 2, 7 and 14 days
below 0.10% are considered non-reactive (harmless zone) and are considered reactive
(harmful zone) if that expansion is higher than 0.20%.

The prepared mortar samples were poured into the (40 x 40 x 160 mm®) pris-
matic formworks for flexural and compressive strength tests. The compositions of each
mortar sample mixture are illustrated in Table 5 [34]. These mortar specimens were
shaken for one minute on a shaking table then settled into the formworks. These
specimens were kept in a laboratory environment for 24 h. At the end of this duration,
the specimens were taken out of the formworks and kept in the half ASR cure other half
water curing pool. The specimens were taken from the water and ASR pool after
28 day and were tested for flexural and compressive strengths in accordance with [35].

Table 5. Mortar samples mixture ratio for flexural and compressive strength tests

Mixture Borogypsum Cement Aggregate Water Ww/C
BGO 0 660 1485 310.2 0.47
BG1 6.6 653.4 1485 310.2
BG2 13.2 646.8 1485 310.2
BG3 19.8 640.2 1485 310.2
BG4 26.4 633.6 1485 310.2

3 Experimental Results and Discussion

3.1 Chemical Analysis

According to the chemical analysis results, cement consists of CaO and SiO, with
higher proportion and Al,O3, Fe;O3 and SO; compounds with lower proportion. The
main component of borogypsum is SOz and CaO the ratio of SiO,/Al,O3 (S/A) is 3.50
in weight. The total of SiO, + Al,O5; + Fe,05 is 6.20 in weight. To be accepted as a
mineral pozzolan S/A > 4 and SiO, + Al,O5; + Fe,O3 > 70 should be. Therefore, the
use of borogypsum is not true as a pozzolan [36].

3.2 Mineralogical Analysis

XRD analyses are conducted to determine the mineralogical structure of cement and
zeolite (Figs. 2 and 3). According to the XRD patterns, the main components of cement



374 K. Yildiz

CEM 1 (PC 425 N/mm?® are [C;S-Alite (3Ca0SiOs3), C,S-Belit (2Ca0SiOs),
Cc-Calcite (CaCO3), CH-Portlandite (Ca(OH),) and brownmillerite (Caz(Al,Fe%J’)Os].
The XRD results indicate that the structure of cement is regular (crystal) (Fig. 2)
Borogypsum consists of [Calcite —(CaCO3), Colemanite-(Ca,B¢O;-5H,0), Celestine-
(SrSOy4)]. The XRD results indicate that the structure of borogypsum is sharp (crystal)
(Fig. 3) [37].
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Fig. 2. The mineralogical structure of cement
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Fig. 3. The mineralogical structure of borogypsum

3.3 FT-IR Analysis

FT-IR analyses are available to characterize molecule groups in a particle. In the FT-IR
studies are related to cement and pozzolan, the infrared spectrum to be regarded as in
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mainly 4 wide band regions. They are consisting of peaks corresponding to the devi-
ations in Si—-Al, S, C and OH bonds [38]. Surface structures of the molecules are
determined from the FT-IR results indicated from the analyses and shown in (Figs. 4
and 5) in the manner of a schematic.
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In FT-IR spectroscopy, vibration of the atoms forming solid cages and molecular
vibrations are observed in 400-1600 and 1600—4000 cm ' region, respectively.
Vibration peaks are displayed at 461, 516, 601, 669, 873, 915, 1125, 1410, 3402 and
3642 cm™! wave numbers from FT-IR analysis of cement (Fig. 4). Si—-O bonds present
with Al-O give vibration peaks of 461 and 516 cm™'. Si—O bonds in cage structures
are in the form of a vibration peak at 872 cm™' wave number. S—O bonds which show
the plaster in cement is seen at 601, 1125 and 1623 cm™'. Vibration peak of water ions
and molecules in the structure is at 3302 and 3642 cm™~ ! wave number [39, 40].

FT-IR spectra can obtain advantageous information on borogypsum mineral
structure. The spectrum of borogypsum over the 500-4000 cm™' spectral range is
displayed in (Fig. 5). Vibration peaks are displayed at 451, 597, 727, 825, 876, 986,
1424, 1660, 1816, 3352 and 3627 cm™ ! wave numbers from FT-IR analysis of boro-
gypsum. The absorptions at 1660, 1816, 3626 and 3352 cm™ "' are due to intermolecular
and weakly H bonded OH because of water of crystallizations [41]. CaO vibrations are
observed in 451 cm™ ' region. The spectrum of borogypsum is dominated by a strongest
vibration band at 986 cm ™. This peak is attributed to the bending mode in the shape of
trigonal symmetric vibration. Symmetric vibration peak at 876 cm~' wave number
tetrahedral the presence of boron in the structure, a strong peak at 1424 cm™' wave
number in the trigonal structure indicates the presence of boron. The vibration peaks at
727 and 825 cm™' may be assigned to the out-of-plane B-OH bending modes [42].

3.4 Expansion Results

CEM I and borogypsum were determined of equivalent alkaline value as (1.04) and
(0.50) respectively. These values were calculated with equation of state (Na,O +
0.658K,0). Figure 6 shows the evolution of the average expansion of (BG1, BG2,
BG3 and BG4) mortar and (BGO) mortar.
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Fig. 6. The expansion of borogypsum
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When the longitudinal elongation values depending on time were evaluated in 2, 7
and 14 days of periods;

At the end of 2 days measurements, while the control mortar bar with no boro-
gypsum replacement took part in BGO controlled zone (harmful-harmless zone) BG1
mortar bar with 1% borogypsum replacement (although staying in the controlled zone)
exhibited maximum value in the 2 days group. This situation, depending on the
increase of borogypsum replacement, stayed at limit values in BG2, stayed at the
harmless zone in BG3 and BG4 mortar bars from the point of longitudinal elongation.
When generally taking a look at at the 2 days measurement group, it is thought that the
usage of 2, 3 and 4% replacement ratios will provide positive results in the first years of
service period of cement mortars from the point of ASR.

At the end of 7 days measurements, while the control mortar bar with no boro-
gypsum replacement took part in BGO controlled zone (harmful-harmless zone) BG1
mortar bar with 1% borogypsum replacement stayed in the harmful zone and exhibited
a maximum longitudinal elongation value in the 7 days group. Depending on the
increase of borogypsum replacement ratio BG2 and BG4 took part in the controlled
zone. BG3 exhibited optimal value in the 7 days measurement group and took a
0.105% value which is very close to the harmless zone. When taking a look at the
7 days measurement group, as in the 2 days measurement group, it is thought that the
usage of 2, 3 and 4% replacement ratios will provide positive results from the point of
ASR at the middle ages of the service life of cement mortars and the usage of 3%
borogypsum will exhibit optimal result.

At the end of 14 days measurements, it was observed that the control mortar bar
BGO with no borogypsum replacement took part in the harmful zone from the point of
ASR. Depending on the increase of borogypsum replacement ratio, the harmful zone
could not be overcome at the BG1, BG2 and BG3 mortar samples. During the service
life of cement mortars, it was observed from the point of ASR that 4% borogypsum
replacement could be used for all of the three age group.

3.5 Flexural and Compressive Strengths of Bandirma Borogypsum
Replacement Mortars Under the Effect of Alkali-Silica Reaction

For the purpose of determining the mechanical strength loss in the mortars due to ASR
effect, flexural and compressive tests were applied to the control species kept in the
water curing pool for 28 days and to the mortars subjected to ASR effect. The
experimental data was evaluated at the 95% confidence band among each other in each
group containing three species in different replacement ratios and was observed to be
statistically reasonable. The scatter plots belonging to this statistical analysis are given
in Figs. 7 and 8.

From the point of Compressive Strength;

When the mortars with Bandirma borogypsum replacement (not subjected to ASR
effect) were evaluated among each other, BGO control mortar sample with no boro-
gypsum replacement exhibited maximum compressive strength. Depending on the
increase of replacement ratio, BG1l and BG3 mortars samples and BG2 and BG4
samples exhibited similar behavior from the point of compressive strength. When these



378 K. Yildiz

58 R D e e
56F . Bl s
sa} S
52~ . 5
50t i e Sl =
48} e
461 e o
44} Sl
421 B T
40f " . :
38 == S
36} >
34}
32} 3 = 1 “o. ASR Cure
307BGo  BGI _ BG2  BG Bos o~ HOCure
Bandirma boragypsum (%)

o]

Compressive strenght (MPa)

Fig. 7. The compressive strength of borogypsum

Fluxural strenght (MPa)

~o_ ASR Cure
“o. H,0 Cure

BGO BG1 BG2 BG3 BG4
Bandirma boragypsum (%)

Fig. 8. The flexural strength of borogypsum

groups were considered, BG2 and BG4 mortars groups showed higher compressive
strength compared to BG1 and BG3 mortars groups. When the samples with no ASR
effect were evaluated, it was observed that increase of borogypsum replacement caused
compressive strength loss.

When the mortars with borogypsum replacement (subjected to ASR effect) were
examined among each other, control mortar sample exhibited maximum compressive
strength, whereas BG1 mortar sample showed minimum compressive strength. While the
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BG2 and BG4 samples were exhibiting values close to each other, maximum compressive
strength in the group with replacement was observed in the BG3 mortar sample.

When the samples with ASR effect and with no ASR effect were compared with
each other, compressive strength loss was observed in all of the samples under ASR
effect. This loss occurred at an acceptable level in BG3 mortar group.

From the point of Flexural Strength;

When the mortar samples having no ASR effect were examined, a flexural loss was
observed in all of the replacement ratios compared to control group BJO mortar samples
at different levels. This loss occurred in BG1, BG2, BG4 and BG3 mortar groups from
the highest to the lowest respectively.

When the mortar samples (subjected to ASR effect) were examined, no flexural loss
was observed in all of the replacement ratios compared to BGO mortar samples. On the
contrary an increase in the flexural strength was seen in BG2, BG4, BG1 and BG3
mortar groups from the highest to the lowest respectively.

When the samples which were subjected and not subjected to ASR effect were
compared with each other a serious flexural loss was observed in the control mortar
group with no replacement, whereas in the other, replacement ratios at different levels a
flexural strength increase was observed. Like in the compressive strength, the closest
flexural strength was observed in the BG3 replacement ratio.

3.6 Porosity Volumes of Mortars with Bandirma Borogypsum
Replacement

The relationship between the porosity diameter belonging to Bandirma borogypsum
and mercury volume (intruding cumulatively) is given in in the graphs of Fig. 9. From
the graphic, it is seen that the cumulative mercury volume intruding to samples is
observed in the control group BGO mortar sample in the highest amount. Whereas in all
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of the replacement ratios less mercury intrusion was realized compared to control
group. This can be accepted as an indication of Bandirma borogypsum mortar samples
reducing the porosity volume in various portions. Because mortar samples exhibited
different porosities at various borogypsum ratios. This occurred in the BG2, BG4, BG1
and BG3 mortar groups from the highest to the lowest respectively. BG2, BG4 and
BG1 mortar samples exhibited very close values from the point of cumulative intruding
mercury volume. Whereas BG3 provided a maximum improvement from the aspect of
porosity ratio with minimum mercury intrusion.

4 Conclusions and Suggestions

Longitudinal elongation, compressive strength and flexural strength tests were carried
on for the determination of alkali silica reaction behavior of borogypsum in mortars.
Besides, mineralogical and molecular analyses of the used materials were made. Fur-
thermore, the effect of borogypsum containing mortars on the porosity ratio was
analyzed.

From the point of mineralogical and molecular structure;

e When the XRD analysis result of borogypsum was examined, it was observed that it
was formed by [Calcite—(CaCOj3), Colemanite—(Ca,BsO;;-5H,0), Celestine
(SrSO,)]. It was a sharp crystal from the point of general structural view.

e From the molecular point, it exhibited —OH, B—O and B—OH bonds.

From the aspect of ASR;

e When a general look was taken at the 2 days measurement group it was observed
that the 2, 3 and 4% usage of replacement ratios could provide positive results in the
first years of cement mortar service life from the point of ASR.

e When the 7 days measurement group was considered, as in the 2 days measurement
group, the 2, 3 and 4% usage of replacement ratios could provide positive results in
the middle ages of cement mortar service life from the point of ASR and 3% usage
of borogypsum could exhibit optimal results.

e During the service life of cement mortars, from the point of ASR, it was observed
that 4% borogypsum replacement could be used in all of the three age groups.

The optimal replacement amount for ASR must be determined not only according
to the length elongation but also be made by considering the mechanical strengths.
From the point of mechanical properties;

e When the samples that were not subjected to the effect of ASR were evaluated, it
was observed that the increase in the borogypsum replacement caused compressive
strength loss.

e When the samples that were subjected and not subjected to ASR effect were
compared with each other, a compressive strength loss was observed in all of the
samples subjected to ASR effect. This loss was at an acceptable level in the BG3
mortar group.
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When the samples that were subjected and not subjected to ASR effect were
compared with each other a serious flexural loss was observed in the control mortar
group with no replacement whereas in all of the other replacement ratios an increase
in the flexural strength was observed at various levels. As in the compressive
strength the closest flexural strength was determined with the BG3 replacement
ratio.

From the point of porosity volume;

The cumulative mercury volume intruding to samples was observed in the control
group BJO mortar sample in the highest amount.

Mortar samples exhibited different porosities at various borogypsum ratios. This
situation occurred in the BG2, BG4, BG1 and BG3 mortar groups from the highest
to the lowest respectively.

Whereas in the BG3 replacement ratio, maximum improvement was obtained from
the point of porosity ratio with minimum mercury intrusion.
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