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Abstract - For resource efficiency as well as recycling industrial
solid wastes, this study investigates the use of ground granulated
blast furnace slag (GGBFS) in the production of high-strength
mortars. The GGBFS contents used are 0%, 12%, 24%, 36%, and
48% of the total binder content. The changes in the engineering
properties of the mortars with various GGBFS contents were
examined through compressive strength, flexural strength,
ultrasonic pulse velocity (UPV), rapid chloride ion penetration
(RCPT), thermal conductivity, and microstructure tests. Obtained
results indicate that the strength and durability of the mortars
increased with the use of 12% and 24% GGBFS, meanwhile the use
of 36% and 48% GGBFS resulted in a reduction in the mortar
properties. However, all the mortars produced in this study
exhibited good quality with high strength, a UPV value of higher
than 4300 m/s, and excellent resistance to chloride attack.

Key words - High-strength mortar; ground granulated blast
furnace slag; compressive strength; flexural strength; rapid
chloride ion penetration; ultrasonic pulse velocity.

1. Introduction

In recent years, Vietnam has been known as a
developing country with rapid industrialization and
modernization. Consequently, many construction materials
have been consumed for infrastructure construction. In the
world, concrete is considered the second most consumed
material just after water [1]. It means that a huge quantity
of materials such as cement, sand, and stone was exploited.
Previous studies [2, 3] have indicated that the production
of cement depleted the natural resources and released a
large amount of carbon dioxide into the air, causing the
greenhouse effect and global warming. As alerted by Ngo
and Huynh [4], the reserve of natural sand in Vietnam is
not enough for coming years. Thus, the over-exploitation
of river sand is popularly occurring, leading to the
corrosion of the banks and putting a negative effect on
aquatic life. To save the raw materials, construction
materials with high strength and good durability are
necessary instead of traditional materials with normal
strength.

To serve industrialization and modernization, steel is
known as an important material in the construction
industry. Many iron and steel plants were built in Vietnam
over several decades. However, these plants also released
a large amount of steel slag as solid industrial waste. If this
steel slag was ground to be very fine particles, it can be

Tém tit - Dé sur dung h1eu qua cAc ngudn tai nguyén ciing nhu
tai sir dung céc phé thai rén trong cong nghiép, nghién ctru ndy st
dung xi 16 cao nghién min (XLCNM) trong san xuét vira cuong
d6 cao. Ham lugng XLCNM duogc st dung tuwong ung véi 0%,
12%, 24%, 36% va 48% so v6i tong ham luong chat két dinh. Sy
thay dbi cac dic tinh k¥ thuat cia vira déi v6i cac ham luong
XLCNM khéc nhau dugc nghién ctru thong qua cac thi nghiém
cuong do chiu nén, cuong do chiu udn, van tde tmyén xung siéu
am, do thAm thau ion Clo, do truyén nhiét, va vi cAu tric. Két qua
nghién ciru chi ra ring, cudong dé va d6 bén ciia cac miu vita ting
khi st dung 12% hodc 24% XLCNM, trong khi st dung 36% hodc
48% XLCNM lam giam chét lugng ctia vira. Tuy nhién, tat ca cac
mAu vita trong nghién ciru déu c6 chét lugng tot véi cudng do
cao, van tdc truyén xung siéu 4m qua cac mau vita 16n hon 4300
m/s va kha nang chéng lai su x4m thyc cac ion Clo tdt.

Tir khéa - Vita cuong do cao; xi 10 cao nghién min; cudng do
chiu nén; cuong d6 chiu uon; do tham thau ion Clo; van toc truyen
Xung siéu am.

used as a supplementary binder material. An
approximation of 1.2 million tons of ground granulated
blasted furnace slag (GGBFS) was created in Vietnam in
2021 [4]. They can be used to replace a part of cement in
the production of concrete and mortar.

To use efficiently the natural resources and recycle a
part of industrial waste from iron and steel plants, this
study is to investigate the use of GGBFS in the production
of high-strength mortars. The effect of GGBFS contents on
the strength, durability, and microstructure of the mortars
was also investigated.

2. Materials and experimental program
2.1. Materials

Table 1 shows the properties of binder materials
including cement, silica fume (SF), and GGBFS. Cement
type PC40 was sourced from Nghi Son company, while
GGBFS type S95 [5] was acquired from Hoa Phat iron and
steel plant. The chemical compositions of these materials
were determined using X-ray fluorescence analysis.
Commercial silica fume named PRO-MIC was provided by
IPRO company. It is noticed that SF was used to increase
the strength and durability of the mortars [6, 7]. The
micrograph of cement, SF, and GGBFS were observed
under the scanning electron microscopy (SEM) with a
magnification of 1.000 times as shown in Figures 1-3. As
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observed in Figures 1-3, the SF and GGBFS have many
smaller particles than the cement.

The natural river sand sourced from the Ma river in
Thanh Hoa province was used as fine aggregate. The
characterization of sand includes the density of 2.63 T/m?,
the particle size from 0.15 to 0.63 mm, and the water
absorption of 0.42%. The commercial superplasticizer (SP)
named Sikament R4 with a specific gravity of 1.15 was
used to reduce the water content and increase the
workability of the mortars. The tap water was used for
mixing.

Table 1. Physical and chemical properties of binder materials

Items Cement| SF |GGBFS
Physical e .

properties Specific gravity | 3.12 221 2.82
SiO2 22.3 90.1 36.9
Al20s3 6.7 1.0 12.4

Fe203 4.7 1.0 -
Chemical CaO 55.5 0.4 30.7
composition MgO 2.4 1.9 14.8

(%)

Na20 0.6 0.3 0.3
K20 0.7 3.2 0.9
TiO2 0.7 0.6 0.4
Loss on ignition 0.5 11 0.4
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Figure 1. SEM micrograph of cement
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Figure 2. SEM micrograph of silica fume
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Figure 3. SEM micrograph of GGBFS
2.2. Mixture proportion

To enhance the mortar compressive strength, all the
mortars were designed with a low water-to-binder ratio of
0.16, and the SF content equals 20% of the total binder by
mass. The SP with a dosage of 4% was used to ensure the
flow diameter of fresh mortars in the range of 18+2 cm
(measurement based on TCVN 3121-2003 [8]. It is noticed
that the dosages of SF and SP, and a low water-to-binder
ratio were similar to those used in previous studies [9, 10].
The control mixture (MO00) was designed first with the
binder containing only cement and SF. After that, four
other mixtures were designed by using GGBFS to replace
15%, 30%, 45%, and 60% cement by mass. These GGBFS
contents are corresponding to 12%, 24%, 36%, and 48% of
the total binder by mass, thus these mixtures were denoted
as M12, M24, M36, and M48, respectively. It is noticed
that a previous study [11] has used GGBFS to replace 20%,
40%, and 60% cement in producing reactive powder
concrete. In the present study, the GGBFS replacement
level step of 15% was used for a more comprehensive
investigation. The sand content is selected equal to the
binder content. Table 2 shows the mixed proportions of all
the mortars. Due to the lower specific gravity than cement,
the mixtures containing GGBFS show a slightly lower unit
weight than the control mixture (M00).

Table 2. Mixture proportions of the mortars

Proportions (kg/m?3
Cement| SF |GGBFS| Sand | Water | SP
MO0 868 217 0 1085 174 43
M12 725 213 128 1066 171 43
M24 587 209 254 1048 168 42
M36 453 206 371 1030 165 41
M48 324 203 486 1013 162 40

2.3. Specimen preparation and test programs

Similar to previous studies [9, 10], all dry materials
were mixed for 3 minutes. Then a mixture of water and SP
was added and mixed continuously until the homogeneous
paste was achieved. After checking the flow diameter
based on TCVN 3121-2003 [8], the fresh mortar was
poured into the steel molds to produce the prismatic
samples with dimensions of 40x40x160 mm and the
cylinder samples with a diameter of 100 mm and height of

Mixture
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200 mm. These samples were stored in natural condition
for 24h, after that they were de-molded and cured in the
water until the testing dates.

To assess the effect of GGBFS content on the changes in
the mortar properties, compressive strength, flexural
strength, ultrasonic pulse velocity (UPV), rapid chloride ion
penetration (RCPT), and thermal conductivity were tested.
The flexural strength and compressive strength were tested
in accordance with TCVN 3121-2003 [8]. The flexural
strength was tested first based on the prismatic samples, then
a compression test was conducted based on the two half-
broken samples of the bending test. The UPV and thermal
conductivity were directly measured using hand equipment
named MATEST-C369N and ISOMET-2014 based on
cylinder samples of 100x200 mm, respectively. The RCPT
test was conducted based on the cylinder samples with a
height of 50 mm, which was cut from the cylinder samples
of 100200 mm in corroding to TCVN 9337-2012 [12].
Only compressive strength was recorded at 3, 7, 14, 28, and
56 days, others were recorded at 28 and 56 days. The values
presented in this paper is the average value of at least three
measurements. Small pieces from the compression test were
collected for microstructure observation using the scanning
electron microscopy (SEM). The equipment used for UPV,
RCPT, thermal conductivity, and microstructure tests are
illustrated in Figures 4-7.

Figure 6. Thermal conductivity test
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Figure 7. SEM observation

3. Results and discussion
3.1. Compressive strength

The gaining of the mortar compressive strength versus
curing time is shown in Figure 8. It is clear to obverse that
the compressive strength of the mortars increased with
increasing curing time due to the formation of hydration
products during the time. Before 14 days, the compressive
strength of the control mixture (M0O) exhibited the highest
among all the mortars. From 14 days, the compressive
strength of the control mixture was lower than those of
M12 and M24. This phenomenon is explained by the low
pozzolanic reaction of GGBFS at the beginning time and
that will strongly happen in the long stage [11, 13]. From
28 days, the mixtures with 12% and 24% GGBFS (M12
and M24) showed higher compressive strength than the
control mixture (M0O), while the mixtures with 36% and
48% GGBFS (M36 and M48) showed a lower compressive
strength than the control mixture (M0O0). At 56 days, the
compressive strength increments are 12% and 5%
corresponding to GGBFS contents of 12% and 24%. It
means that the use of 12% and 24% GGBFS as
supplementary binder material can increase the mortar's
compressive strength. As shown in Figures 1-3, the cement,
SF, and GGBFS have different particle sizes. GGBFS has
many finer particles than cement, which can fulfill the
voids between aggregates and other materials. The increase
in compressive strength of the mortars containing 12% and
24% GGBFS is attributed to the filling effect and
pozzolanic reaction of GGBFS [11, 13]. However, when
increasing the GGBFS level to over 24%, a part of GGBFS
maybe not join the pozzolanic reaction, leading the
compressive strength of these mixtures lower than that of
the control mixture.
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Figure 8. Compressive strength of the mortars
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At 28 and 56 days, the compressive strength of the
mortars in this study ranged from 85.5-112.7 MPa and
101.2-124.7 MPa, respectively. These mortars showed an
excellent quality in terms of compressive strength in
comparison with traditional mortars. As required by TCVN
4314-2003 [14] and 14TCN 80-2001 [15], the building
mortars have a compressive strength of around 1.0-30
MPa, and the hydraulic mortars have a compressive
strength of around 5.0-50 MPa, respectively. With super
strength, these mortars in the present study can be used for
very important projects or used as a repaired material.

3.2. Flexural strength

The flexural strengths of the mortars at 28 and 56 days
are shown in Figure 9 with values ranging from 13.0 -
17.3 MPa and 15.8-19.4 MPa, respectively. Similar to
compressive strength, the mixture of M12 and M24
showed higher flexural strength than the control mixture,
and the mixture of M36 and M48 exhibited a lower flexural
strength than the control mixture. This phenomenon is due
to the filling effect of very fine particles and the pozzolanic
effect of GGBFS [11, 13]. Compared to the normal mortars
produced in previous studies [16], all the mortars produced
in the present study show excellent flexural strength. With
the excellent resistance to bending, the use of these mortars
can prevent the appearance of cracks; therefore, they are
suitable to be used in hydraulic projects with high proof
water requirements.
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Figure 9. Flexural strength of the mortars
3.3. Ultrasonic pulse velocity (UPV)

The durability and the relative quality of concrete and
mortars are associated with the voids and cracks inside the
mortars. Hence, some studies have used the UPV test to
assess the relative quality of concrete and mortars. Figure
10 presents the UPV values passed through the mortar
cylinder sample. These values increased with increasing
curing time. Along with curing time, the hydration
products were generated, thus the density of these mortars
was increased, leading to the increment of UPV values. As
increasing the GGBFS content, the UPV values decreased.
As stated by Bogas et al. [17] and Lafhai et al. [18], the
UPV value of concrete and mortars is strongly depended
on their density. It is noticed that the GGBFS has lower
specific gravity than the cement (Table 1). Thus, when
replacing a part of cement with GGBFS, the unit weight of

the mortars will be reduced (Table 2). Consequently, the
UPV value of the GGBFS mixtures will be lower than the
control mixture. However, all the mortars have a 28-day
UPV value of higher than 4300 m/s. Based on the study
conducted by Khatib et al. [19], a mortar has been
considered very good to excellent quality if its UPV value
is higher than 4000 m/s. Thus, all mortars in this study can
be classified as excellent quality.
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Figure 10. Ultrasonic pulse velocity of the mortars
3.4. Rapid Chloride ion penetration

To assess the resistance of the mortars to chloride
attack, a rapid chloride ion penetration test was conducted.
The resistance of the mortars to chloride attack is presented
by the total charges passed through the cylinder sample in
6 hours (RCPT value). If the RCPT value is lower than
1000 coulombs, this mortar is classified as excellent
resistance to chemical attack [12]. Figure 11 shows the
RCPT values of the mortars. According to Figure 11,
mixtures M12 and M24 show a lower RCPT value than the
control mixture, while mixtures M36 and M48 show a
higher RCPT value than the control mixture. This
phenomenon is due to the filling effect and pozzolanic
effect of GGBFS as aforementioned [11, 13]. All the
mortars show the 28-day RCPT value of significantly
lower than 1000 coulombs, indicating excellent resistance
to chloride attack. These mortars can be used for very
important structures with a high requirement in terms of
chemical attack resistance, especially for big projects in
coastal areas.
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Figure 11. Rapid chloride ion penetration of the mortars
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3.5. Thermal conductivity

Figure 12 presents the thermal conductivity of the
mortars at 28 and 56 days, which ranged from 1.650-2.012
W/m.K and 1.751-2.022 W/m.K, respectively. The thermal
conductivity at 28 and 56 days are similar. However, when
increasing the GGBFS content, the thermal conductivity of
the mortars reduced. This is because the thermal
conductivity is related to the dry unit weight [20, 21]. As
mentioned above, when the GGBFS replacement level
increased, the unit weight of the mortars decreased,
resulting in the reduction of thermal conductivity values.
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Figure 12. Thermal conductivity of the mortars
3.6. SEM observation

Microstructure morphology images of the mortars are
shown in Figures 13-17. In general, the microstructure of
all mortars produced in this study is quite dense. It is
explained for their excellence in terms of strength and
durability as presented in the previous sections. The
microstructure of M12 shows the most homogenous and
densest, followed by M24. This finding explains the
increase in strength and durability of M12 and M24 in
comparison with the control mixture. When the GGBFS
content increases, the microstructure of M36 and M48 is
less homogenous with higher porosity. This finding is
evidence to explain the degradation properties of M36 and
M48 in comparison with the control mixture. The findings
from Figures 13 - 17 are related to the changes of the
mortars’ properties as aforementioned.
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Figure 13. SEM observation of MO0
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Figure 14. SEM observation of M12
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Figure 15. SEM observation of M24
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Figure 16. SEM observation of M36
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Figure 17. SEM observation of M48
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4. Conclusions

This paper investigates the effect of GGBFS content on
the properties of high-strength mortars. Some brief
conclusions can be drawn as follows.

1) At 28 days, all the mortars show excellent
compressive strength (85.5-112.7 MPa) and flexural
strength (13.0-17.3 MPa). The use of 12% or 24% GGBFS
increased in strength and durability of the mortars.
However, when the GGBFS replacement level is over 24%,
the quality of the mortars is decreased.

2) The relative quality of all the mortars produced in
this study is classified as very good to excellent since their
UPV values are higher than 4300 m/s.

3) All the mortars show excellent resistance to
chloride attack with the RCPT of significantly lower than
1000 coulombs.

4) The microstructure morphology images of all the
mortars are quite homogenous and dense. These images
demonstrate the high strength and excellent durability of
the mortars.

5) This study encourages the recycling of GGBFS, an
industrial waste from iron and steel plants, in producing
construction materials like high-strength mortars.

6) The above conclusions were drawn based on the use
of 12%, 24%, 36%, and 48% GGBFS. Other replacement
levels should be investigated in a further study.

Acknowledgments: The authors would like to thank MS.
students Nguyen Thien Long and Le Cong Thuc for their
valuable assistance during the experimental work.
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