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Abstract

As a large amount of steel is produced for the industrialization and modernization of Vietnam, a correspondingly large
quantity of steel slag is also released annually. Besides, the demand for mortar is increasing due to urbanization, especially
for the high-strength and durability mortar used for important constructions and structures in aggressive environmental
areas. This study aims to carry out further research into high-strength mortars incorporating ground granulated blast furnace
slag (GGBFS). The control mixture was designed with a water-to-binder ratio of 0.2, and the amount of silica fume used
was equal to 25% of the total binder amount by mass. Four other mixtures were designed using GGBFS to substitute for
15, 30, 45, and 60% of cement by mass. The engineering properties of fresh and hardened mortars were comprehensively
investigated, especially the durability properties. The microstructure of these mortars was also examined using scanning
electron microscopy. Test results show that replacing 15 or 30% of cement with GGBFS yields an improvement in mortar's
strength and durability properties. All the mortars in this study show excellent qualities with high strength, low water
absorption, and high resistance to chloride attack. Moreover, the presence of GGBFS reduces the shrinkage of mortar
caused by the drying process.
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1. Introduction

In recent years, as the economy of Vietnam develops at an increasingly fast pace, the urbanization process is also
being focused on more. Consequently, the demand for construction materials is also increasing day by day. Among
those, steel and mortar are two of the most popular construction materials. While steel is used as longitudinal and
transverse reinforcements to enhance the strength and ductility of the structure, mortar is used as a cover layer to protect
the surface of the structure. According to the Vietnam Steel Association, approximately 23.3 million tons of iron and
steel were produced, and around 5 million tons of iron and steel slags were also generated in 2018. It is projected that
the total amount of these slags will reach 10 million tons in 2025. On the other hand, the demand for cement in the
construction industry is also increasing. In 2020, about 100 million tons of cement had been produced in Vietnam, of
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which 62 million tons were for domestic consumption, while the rest was exported. However, cement production
requires a large volume of natural resources and discharges a high volume of CO; into the atmosphere, leading to
environmental pollution and climate change [1-3]. Meanwhile, ground granulated blast furnace slag (GGBFS), a by-
product of the process of creating steel, has been widely utilized in the world as a supplementary material to produce
concrete [4-6]. It was also applied as a binder material in the production of mortar [7-9]. Furthermore, GGBFS was also
used in the mix proportion of other construction materials such as paste [10], self-compacting concrete [11], and foamed
concrete [12]. However, the use of GGBFS in the production of construction materials in Vietnam is still limited [13].

As long as urbanization remains a priority, the demand for mortar will keep increasing, especially for important
construction projects such as high-rise buildings and coastal structures. The mortars used in these structures are required
to have high strength and excellent resistance to chemical attacks. Meanwhile, the most popular high-strength mortars
utilized in hydraulic projects in Vietnam have a compressive strength of about 30-50 MPa. Therefore, developing a
mortar with a compressive strength of above 50 MPa and excellent durability is necessary. On the other hand, reactive
powder concrete (RPC) is well-known as a unique construction material with superior performance compared to
ordinary concrete [14-16]. The compositions of RPC contain fine materials such as cement, silica fume, and sand, like
mortar compositions. However, the workability of RPC is often really poor due to the low water-to-binder ratio [17].
Recently, high workability and high-strength mortars have been developed based on RPC by increasing the water-to-
binder ratio [17, 18] and used as a repair material. With high mechanical strength, these mortars show the potential to
be used for important construction or structures working in aggressive environments. However, the studies on this kind
of mortar are still limited, and previous studies [17, 18] focused only on the strength of this material. Thus, its durability
needs further investigation, especially the resistance to chemical attacks.

In order to encourage the recycling of GGBFS in Vietnam, this study aims to investigate the use of GGBFS to
partially replace cement in the production of high-strength mortars containing fine materials like RPC compositions.
The effect of GGBFS content on the mechanical and durability properties of high-strength mortars is comprehensively
investigated. In addition, the microstructure of this material is also investigated using the scanning electron microscopy
(SEM) technique. The obtained results contribute to designing a sustainable material that saves natural resources and
recycles a part of the solid waste of iron and steel factories. The detailed experimental procedures are described in Figure
1, and they are presented in the following sections.
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Figure 1. Experimental procedures

2. Materials and Methods
2.1. Materials

Table 1 presents the compositions of all binder materials used to produce high-strength mortars in this study,
including cement, silica fume, and GGBFS. In which the cement used is type PCB40, while GGBFS typed S95 is sourced
from Hoa Phat’s steel factory in Hai Duong province, Vietnam. According to Table 1, the main component of silica
fume is silicon dioxide, while the main components of cement and GGBFS are silicon dioxide and calcium oxide. The
specific gravities of cement, silica fume, and GGBFS are 3.12, 2.21, and 2.82, respectively. It means that cement has
the highest density, followed by GGBFS and then silica fume. The appearances of cement, silica fume, and GGBFS are
observed under scanning electron microscopy with a magnification of 1,000 times, as shown in Figures 2-a, 2-b, and 2-
c, respectively. The particle shape of cement and GGBFS is irregular, while that of many silica fume particles is
spherical. The particle size distributions of these binder materials are shown in Figure 3. It is observed that most GGBFS
particles have a diameter of less than 10 um, and the particle size of GGBFS is smaller than those of cement and silica
fume.
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The natural river sand with a density of 2630 kg/m?, a water absorption of 0.42%, and sizes ranging from 0.15 mm
to 0.63 mm was used as fine aggregate. It is noticed that the size of sand in the present study is similar to the previous
study [19]. The tap water was utilized for mixing. The superplasticizer (SP) type G with a specific gravity of 1.15 was
used to control the mortar workability with a flow diameter of around 180+£20 mm. This is the typical flow diameter of
mortar stipulated by Vietnamese standards.

Table 1. Chemical compositions of cement, silica fume, and GGBFS

Composition (%)  Cement Silicafume GGBFS

SiO; 223 90.1 36.9
Al,0;4 6.7 0.98 124
Fe,0; 4.7 1.02 -
CaO 55.5 0.44 30.7
MgO 24 1.86 14.8
SOs 13 0.30 04
P,0s 0.3 0.14 -
Loss on ignition (%) 0.5 112 0.4
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Figure 2. SEM observations of (a) cement, (b) silica fume, and (¢c) GGBFS
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Figure 3. Particle size distribution of binder materials

2.2. Mixture Proportions

The proportions of all mortar mixtures are presented in Table 2. First, the control mixture without GGBFS, referred
to as GGOO, was designed with a water-to-binder ratio (W/B) of 0.2, and the amount of silica fume was selected to equal
25% amount of binder by mass. Notably, to get super strength, a low W/B and silica fume content of around 15-25% of
the total binder were used in the mixtures [19, 20]. Then, four other mixtures were designed by replacing 15, 30, 45, and
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60% of cement content in the control mixture by GGBFS named GG15, GG30, GG45, and GG60, respectively. In
addition, the dosage of SP was used to adjust the workability of mortar with flow diameter felt in the range of 18020
mm. It is noticed that the flow diameter of fresh mortar was measured immediately after mixing, and the SP dosage was
also adjusted during the mixing process. The water content given in Table 2 is the calculated value. In practice, the
mixing water content has to take into consideration the water absorption and moisture of the sand.

Table 2. Mix proportions

Proportion (kg/m®) GGO0 GGI15 GG30 GG45 GG60

Cement 843.1 704.5 570.5 4409 3155
Silica fume 210.8 207.2 203.8 2004  197.2
GGBFS 0 1243 2445 3608 4733
Sand 10539 1036.0 1018.8 1002.1  986.0
Water 210.8 207.2 203.8 2004  197.2
SP 26.3 25.9 255 25.1 24.6

2.3. Sample Preparation

The mixing process consists of two steps. First, all dry materials, including cement, silica fume, GGBFS, and sand,
were mixed together for three minutes [19, 20]. Then, a mixture of water and SP was added and continuously mixed for
another six minutes until homogeneity was obtained. After that, the workability of the mortars was checked through the
value of flow diameter in accordance with ASTM C1437 [21]. The flow diameter of mortars was controlled in the range
of 180+20 mm and adjusted by changing the SP dosage. When the workability of the mixture was satisfied, the mortar
mixture was poured into steel molds with different dimensions where it would be prepared as samples using table
vibration and hand tamping. All samples were first cured for 24 hours in laboratory conditions. After that, they were de-
molded and cured in water at room temperature until the testing days, except for samples used for the drying shrinkage
test.

2.4, Test Methods

Right after mixing, properties of fresh mortar such as workability and unit weight were measured accordingto ASTM
C1437 [21] and ASTM C138/C138M [22], respectively. The flexural strength test was conducted on prismatic samples
with dimensions of 40x40x160 mm in compliance with ASTM C348 [23]. After the fracture, two halves of each sample
were used to measure the compressive strength in accordance with ASTM C349 [24]. Flexural and compressive strength
tests were conducted simultaneously at 3, 7, 14, 28, and 56 days. While flexural strength was an average value of three
sample tests, compressive strength was an average value of six half sample tests.

The cylinder samples with a diameter of 100 mm and a height of 200 mm were prepared for UPV measurements.
UPV test is a non-destructive method to evaluate the relative quality of mortar [25, 26]. A portable device, namely
MATEST-C369N, with two transducers having a 20-mm diameter and a 200 kHz frequency, was used to measure UPV
through the mortar samples, based on ASTM C597 [27], as shown in Figure 4. This test was conducted at 28 and 56
days, and the reported value herein was an average value of at least three samples.

Figure 4. Ultrasonic pulse velocity test

Water absorption is related to permeability and resistance of mortar to chemical attack [28]. In this study, cubic
samples with dimensions of 50x50x50 mm were used to measure the water absorption capacity of these high-strength
mortars complying with ASTM C642 [29]. This test was conducted at 28 and 56 days.
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The high content of cement and silica fume is the culprit of micro-cracks that affect the durability properties of
mortar [30]. Thus, the drying shrinkage of mortar was tested on prismatic samples with dimensions of 25x25x285 mm
based on ASTM C490/C490M [31]. All the samples were placed in the storage cabinet with a temperature of 23+2°C
and a humidity of 50+4%. Test results were recorded for up to 56 days. The zero measurements were set when the
samples were de-molded (24 hours after casting). Figure 5 illustrates the samples and the apparatus used for the drying
shrinkage measurements.

(@) G
Figure 5. (a) Samples and (b) apparatus used for drying shrinkage test

The chloride attack resistance of mortars was measured by the total charge passed through a cylindrical sample with
a 100-mm diameter and a 50-mm height for six hours. The samples in this test were cut from cylinder samples with a
100-mm diameter and a 200-mm height. This test was conducted at 28 and 56 days according to ASTM C1202 [32], as
shown in Figure 6.

Figure 6. Rapid chloride ion penetration test

Fractures of the samples after the compression test at 28 days were used for the microstructure investigation under
scanning electron microscopy. The equipment named EVO18 provided by the ZEISS producer, as shown in Figure 7,
was used to examine the microstructure of these mortars in this study.

Figure 7. Scanning electron microscopy test
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3. Test Results and Discussions
3.1. Properties of Fresh Mortars

Table 3 shows the properties of the fresh mortars, including flow diameter and unit weight. The GGBFS contents
are also presented for discussion. It is noticed that the SP dosage is equal to 2.5% for all mortar mixtures, which is
calculated as a percentage of the total binder by weight. The flow diameter of mortars increases slightly from 170 mm
to 200 mm when the GGBFS content changes from 0% to 60%. This means that the workability of mortar slightly
improves as the GGBFS replacement level increases. This finding agrees with a result conducted by Oner and Akyuz
[33]. As shown in Figure 3, the particle diameter of GGBFS is smaller than those of cement and silica fume, which acts
as a lubricant material, increasing the flowability of the mortar [34]. According to Table 3, the unit weight of mortars
reduces slightly as the GGBFS content increases. As aforementioned, the specific gravity of GGBFS is lower than that
of cement. Thus, replacing a part of cement with GGBFS reduces the unit weight of the fresh mortar. However, the
difference in unit weights of these fresh mortars is marginal and can be ignored.

Table 3. Properties of fresh mortars

Mix  GGBFS content (%) Flow diameter (mm)  Unit weight (kg/m?®)

GGO00 0 170 2244
GG15 15 175 2239
GG30 30 181 2227
GG45 45 192 2202
GG60 60 200 2163

3.2. Compressive Strength

The compressive strength development of the mortars with different GGBFS contents is shown in Figure 8. The
compressive strength of the control mix mixture at 56 days is 109.7 MPa. The 56-day compressive strengths of the
mixtures using 15, 30, 45, and 60% GGBFS substitutions are 127.5, 115.7, 105.4, and 98.1 MPa, respectively. It means
that replacing 15 or 30% of cement with GGBFS increases the compressive strength of mortar. A previous study [35]
has indicated that the filler effect (due to the very small size) and the pozzolanic effect of GGBFS contribute to increased
compressive strength in mortar. Therefore, if the amount of GGBFS used is optimal, GGBFS can fill in the voids and
make the mortar microstructure denser, increasing the compressive strength. On the other hand, when the GGBFS
content increases over the optimal value, the compressive strength of mortar reduces. However, all mortars in this study
have a compressive strength of above 98 MPa at 56 days, which is significantly higher than conventional cement mortars
used in practice with a common compressive strength of around 20-50 MPa.
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Figure 8. Compressive strength of the mortars with various GGBFS contents

The compressive strengths of the mortars used in this study are higher than those values reported by Yun et al. [7]
and Liu and Huang [17]. It is noticed that Yun et al. [7] used GGBFS to replace 20, 40, and 50% of cement in producing
conventional mortars, while Liu and Huang [17] increased the water-to-binder ratio to 0.28 in the production of the high
flowable mortar. The higher compressive strength of mortar in this study compared to the values reported by Yun et al.
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[7] is due to the presence of silica fume. Meanwhile, the lower water-to-binder ratio results in a mortar compressive
strength higher than that reported in Liu and Huang’s study [17]. However, the compressive strength of the mortars in
this study is lower than the compressive strength of RPC conducted by Yazici et al. [36]. Furthermore, it is noticed that
the samples tested were cured in water at room temperature as standard condition, while the samples in Yazici’s study
[36] were cured in autoclave condition with high temperature and pre-pressure. Under high temperatures, all binder
materials are more activated than under standard conditions. This will be discussed in the next section by using SEM
observation.

3.3. Flexural Strength

Figure 9 shows the flexural strength development of the mortars with various GGBFS contents. Similar to
compressive strength, the flexural strength of the mixtures using 15 and 30% GGBFS is higher than that of the control
mixture, while the flexural strength of the mixtures using 45 and 60% GGBFS is lower than that of the control mixture.
Thus, the use of 15 or 30% GGBFS is considered an optimal cement replacement level. Yazici et al. [36] have concluded
that replacing 20% or 40% cement with GGBFS yields an increase in the flexural strength of RPC. This phenomenon
may be due to the improved bond between GGBFS and other materials, thus improving the bond strength between
mortar matrices [36].
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Figure 9. Flexural strength of the mortars with various GGBFS contents

On the other hand, the filler effect and the pozzolanic effect of GGBFS [35] are also responsible for the improved
flexural strength of mortars using the mineral admixtures. At 28 days, the flexural strength of these mortars ranges from
11.5 to 16.5 MPa. At 56 days, these flexural strengths boost to 15-19 MPa, similar to the values reported by Yazici et
al. [37]. It is noticed that both samples in the present study and Yazici’s study [37] were cured in standard water
conditions. On the other hand, the cement-based mortar containing GGBFS conducted by Yun et al. [7] had a flexural
strength of lower than 12 MPa, which is lower than the flexural strength of those mortars produced in this study. The
higher flexural strength is a result of adding silica fume into the mix proportion. However, the flexural strength of these
mortars is lower than that of RPC conducted by Yigiter et al. [38], which is cured under autoclave conditions. Yazici et
al. [37] stated that concrete cured in a pre-pressure and high temperature had higher strength than concrete cured under
the standard condition.

3.4. Ultrasonic Pulse Velocity (UPV)

Figure 10 shows the UPV values through the mortar samples with various GGBFS contents at 28 and 56 days. It
shows that the UPV value increases as the age of mortars increases and reduces as the GGBFS content increases. A
previous study conducted by Bogas et al. [39] has indicated that the density of the sample has a strong effect on the UPV
values. The sample with high density often results in a high UPV value. In this study, when replacing cement with
GGBFS, the unit weight of mortar was slightly reduced and thus resulting in the UPV value of these samples being
lower than that of the control sample. However, the difference in UPV between the GG15 and GG30 mixtures and the
control mixture (GGO0O) is slight. That is because the unit weights of the GG15 and GG30 mixtures are slightly smaller
than that of the GGOO mixture. The considerable variation is for mixtures with high GGBFS content (GG45 and GG60).
All mortar samples at 28 days exhibit UPV values higher than 4200 m/s. Solis-Carcafio and Moreno [40] stated that the
quality of concrete is good if its UPV value is higher than 4100 m/s. Therefore, all mortars tested in this study show
good quality.
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Figure 10. UPV in the mortars with various GGBFS contents
3.5. Water Absorption

The water absorptions of all mortars at 28 and 56 days are shown in Figure 11. The water absorption at 56 days is
significantly reduced compared to that at 28 days. This phenomenon is associated with the increase in hydration products
over time, resulting in a denser microstructure followed by reduced water absorption. The mixtures with 15 and 30%
GGBFS content show lower water absorption than the control mixture. However, when the GGBFS content increases
from 45 to 60%, the water absorption of these samples is at a higher value than that of the control mixture. It means that
the use of 15 to 30% GBBFS as cement replacement is optimal, as aforementioned. As stated in the previous study [35,
36], the benefits of using GGBFS are the filler and pozzolanic effects, which minimize the capillary pores, thus reducing
the water absorption. At 56 days, the water absorption of these mortars ranges from 1.16% to 2.16%, which is
significantly lower than the reported values from a previous study [41], indicating good quality. The water absorption
capacity is often related to the permeable capacity and chemical attack resistance of mortar [28]. If the water absorption
is low, the permeability of mortar is also low, and thus the resistance to chemical ingression is high.
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Figure 11. Water absorption of the mortars with various GGBFS contents
3.6. Drying Shrinkage

The drying shrinkage is one of the major problems if the low W/B ratio and high content of cement and silica fume
are used [30]. Since the drying shrinkage is high, the appeared micro-cracks negatively influence the durability of mortar,
especially its resistance to corrosive chemical agents that easily penetrate the mortar through these micro-cracks. In this
study, the drying shrinkage was evaluated through the length change of the prismatic samples with dimensions of
25x25%285 mm, as shown in Figure 12. It shows that the drying shrinkage increases rapidly from the beginning to 14
days of age and then gradually slows down. This result is due to the hydration that has a high reaction rate in the first
stage and lower rates in the later stages.
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Figure 12. Length change of the mortars with various GGBFS contents

In addition, the drying shrinkage of the mortars reduces when the BBGFS content increases. It is noticed that the
filler effect of GGBFS [36] results in the reduction of porosity inside the mortar and the drying shrinkage. On the other
hand, the pozzolanic reaction of GGBFS releases lower heat than the hydration reaction of cement. This also helps to
reduce the drying shrinkage of mortar. Furthermore, Kou et al. [35] have concluded that using mineral admixtures such
as fly ash and GGBFS resulted in reducing drying shrinkage. In other words, the use of GGBFS can reduce the drying
shrinkage of mortars.

3.7. Rapid Chloride lon Penetration (RCPT)

The ability of the mortar to resist the penetration of chloride ions is assessed through the total charge passed through
the cylinder samples with a diameter of 100 mm and a height of 50 mm during six hours. Test results on the mortar
samples at 28 and 56 days are presented in Figure 13.
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Figure 13. Total charge passed through the mortars with various GGBFS content

At 28 days, the total charge passed through the mortar samples ranges from 317 to 633 Coulombs corresponding to
the GGBFS increase from 0% to 60%. However, these values were significantly reduced at 56 days. Moreover, the
sample with 15% GGBFS was the most effective at preventing the ingression of chloride ions, followed by the samples
with 30% GGBFS. The mixture using GGBFS to replace 60% of cement content (GG60) shows a higher RCPT value
than the control mixture (GG00). The improvement of resistance to chloride ion attack over time is due to the formation
of hydration products during curing time. This is explained by the lower values of RCPT measured at 56 days compared
to those at 28 days. Several studies [35, 42, 43] have indicated that the use of mineral admixture is effective in resisting
chloride ion penetration. The improvement in impermeability by using GGBFS leads to the enhancement in resistance
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to chloride attack. Luo et al. [42] have found that using GGBFS can significantly improve the durability of concrete,
especially in reducing chloride diffusion, thanks to the reduced capillary pores. In the present study, the samples with
15% and 30% GGBFS exhibited lower water absorption (as shown in Figure 11), and thus these samples also showed
high resistance to penetration of chloride ions [28]. Furthermore, all mortars in this study have a 56-day RCPT value of
below 1,000 Coulombs, indicating the high resistance to chloride attack as stipulated by ASTM C1202 [32]. Based on
the test results of UPV, water absorption, drying shrinkage, and RCPT, these mortars in this study have good durability,
especially against chloride ion attack.

3.8. SEM Observation

The SEM images of all mortars are shown in Figure 14. The microstructures of these samples are dense and similar,
and there is not much difference between SEM images. However, it is interesting that several free silica fumes with a
spherical shape were observed, indicating that not all silica fume particles participated in the hydration reaction. This
finding explains the lower compressive strength and flexural strength of the mortars in this study compared to those
values reported in previous studies [36, 38]. It is noticed that the samples in Yazici’s study [36] and Yigiter’s study [38]
were cured in autoclave conditions with high temperature and pre-pressure. Thus, most binder particles were activated
and joined in the hydration or pozzolanic reaction, resulting in high compressive and flexural strengths. Yazici et al.
[36] have also mentioned that the curing condition has a strong effect on the properties of concrete. The strength of the
sample curing in autoclave conditions was significantly higher than that of the sample curing in standard conditions.
However, the autoclave curing condition requires more modern equipment, which increases the construction cost.
Therefore, it is not effective to apply in practice. On the other hand, all mortar samples in this study were cured in water
under indoor environmental conditions. Although the mechanical strengths of these samples were not as high as the
samples cured in autoclave conditions, all mortars tested still show a high compressive strength (above 98 MPa) and a
high flexural strength (above 15 MPa).
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Figure 14. SEM observations of the mortars
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4. Conclusions

In this study, the high-strength mortars have been designed and tested for assessing the effect of several GGBFS
contents. The GGBFS was used to replace 0, 15, 30, 45, and 60% of the cement content by mass. A series of tests were
carried out on the mortar samples in the laboratory. The main conclusions that can be drawn from the obtained results
are as follows:

e The use of GGBFS to replace 15 or 30% of the cement content resulted in increasing the compressive strength and
flexural strength, reducing the water absorption and RCPT values compared to the control mixture with free-
GGBFS.

e The unit weight, drying shrinkage, and UPV values of the mortars were reduced as the GGBFS content increased.

o All the mortars tested exhibited good quality with high compressive (above 98 MPa) and flexural strength (above
15 MPa), high UPV (above 4200 m/s), low water absorption (below 2.76%), low drying shrinkage (below 0.1%),
and high resistance to chloride attack (RCPT value of less than 1,000 Coulombs).

e The microstructure observation of the mortars studied under scanning electron microscopy was dense. However,
some free silica fume particles were detected, indicating that not all silica fume jointed the hydration reaction
under standard curing conditions.

e The use of GGBFS in the production of the reactive powder mortars offers a way to treat a part of solid waste from
iron and steel factories, which also helps save natural resources.

¢ With high mechanical strength and high resistance to chemical attack, the mortars produced in this study can be
used as high-strength mortars or as materials used for the rehabilitation of hydraulic structures.
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