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Content

The objective of the study is to evaluate the influence of gypsum content on certain properties of blast furnace slag
cement (with 40% blast furnace slag) at gypsum levels ranging from 2% to 5%. The properties of the cement

investigated include water of consistency, initial and final setting times, compressive strength at ages of 1, 3, 7, and

28 days, and heat of hydration of the cement paste within the first 24 hours. Experimental results indicate that

Properties

increasing the gypsum content has minimal impact on the water of consistency but prolongs the setting time, while

still meeting the technical requirements according to TCVN 6260:2020. The optimal gypsum content, in terms of

strength, for blast furnace slag cement is 4%, providing compressive strength comparable to the control sample of

ordinary Portland cement at 3 and 28 days of age.

1. Introduction

Blast furnce slag (BFS) is a byproduct of the steelmaking industry. It
is the liquid slag formed during the iron reduction process in blast furnaces,
which is rapidly cooled with water to create granular particles resembling
sand [1]. BFS mainly exists in the glassy phase (=95%). Its major chemical
composition includes SiO,, Al,Os;, and CaO.

BFS is commonly used in the production of blended Portland cement.
When finely ground BFS is mixed with Portland cement, its pozzolanic
activity is activated by the calcium hydroxide (CH) produced during the
hydration process of Portland cement [2, 3]. BFS can enhance several
important properties of cement. It reduces heat of hydration due to its
dilution effect [4]. Additionally, it can improve long-term compressive
strength and durability by increasing the content of C-S-H gel and densifying
the cementitious matrix [4, 5]. However, a significant drawback of BFS is
that it may reduce early compressive strength, especially at high
replacement levels [4].

The influence of slag on cement properties depends on the
characteristics of the slag and the usage level. Douglas et al. reported
significant differences in heat of hydration and compressive strength when
comparing cement using slag from Canada and the US [6]. Finer slag
particles exhibit higher activity and greater cement compressive strength [2,
7, 8]. Increasing the slag content reduces heat of hydration and compressive
strength at ages of 1, 3, 7, and 28 days [4].

Gypsum is an essential component of both ordinary Portland cement
and blended Portland cement. It prolongs the setting time by reacting with
C;A, forming ettringite on the surface of cement particles, thus slowing
down the hydration process of C;A [9]. Using an appropriate amount of
gypsum can enhance early compressive strength due to the hydration
reaction that produces ettringite [10, 11]. In cement containing BFS, in
addition to its hydration reaction with CsA in clinker, gypsum also reacts
with AlI(OH)** and Ca** ions released from the slag, resulting in the

formation of ettringite. This additional reaction may contribute to
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improving early strength [12]. However, excessive use of gypsum can lead
to reduced strength both in the early and late stages due to the formation of
delayed ettringite, which can cause expansion and cracking in the hardened
cement matrix structure [10, 11]. Therefore, determining the optimal
gypsum content is crucial. Currently, there is no published research in
Vietnam specifically addressing this issue related to BFS cement.
Therefore, this study will assess the influence of gypsum content
on certain properties of BFS cement at gypsum levels ranging from 2%
to 5%. Based on this evaluation, the optimal gypsum content will be
determined. The properties of the cement under investigation include
water of consistency, setting time, compressive strength at ages of 1, 3,

7, and 28 days, and heat of hydration of the cement paste.

2.  Materials and experimental procedure
2.1. Materials

The clinker used in this study is domestically produced industrial
clinker, with its chemical and mineral composition presented in Tables 1
and 2. The gypsum used is natural gypsum, and its chemical composition is

shown in Table 3. The chemical composition of BFS is given in Table 4.

Table 1. Chemical composition of clinker.

Oxides Si0, | Al,O; |Fe,O3| CaO | MgO | SO; | K,0+Na,0

Ratio (%) | 22.20 | 5.36 | 3.52 |66.19| 0.64 | 0.19 0.82
Table 2. Minerals composition of clinker.

Minerals CsS C,S CsA C,AF

Ratio (%) 59.4 18.9 8.6 10.1

Table 3. Chemical composition of gypsum.

Component | SO; CaS0,.2H,0 | H,O lién két | Cin khéng tan
Ratio (%) 45.63 90.20 18.88 1.98
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Table 4. Chemical composition of BFS.

Oxides | Si0, |ALO, | Fe,0,| CaO | MgO |SO, | MKN |CKT

Ratio (%)| 34.22 | 14.91 | 2.00 | 37.43 | 5.34 - 0.02 |0.95

2.2. Experimental procedure

The cement samples were prepared as follows. The clinker and gypsum were
separately crushed using a jaw crusher to a size smaller than 5 mm. The
reference Portland cement sample (PC) was prepared by weighing the
appropriate amounts of clinker and gypsum in a ratio of 95% clinker to 5%
gypsum. This mixture was then placed in a laboratory ball mill and ground
until it reached a Blaine fineness of (3500 = 50) cm?/g (determined
according to TCVN 4030:2003 [13]). The BFS cement samples were
prepared in two steps as follows:
- Step 1: The original Portland cements with the ratios of clinker and
gypsum given in Table 5 were ground to the Blaine fineness of (3500
+ 50) cm?/g. The slag was separately ground to the Blaine fineness of
(5000 * 50) cm?/g.
- Step 2: The ground original Portland cements and BFS were mixed in a
60:40 ratio to create BFS cement samples with the gypsum content

(based on total cement mass) of 2%, 3%, 4%, and 5%, respectively.

Table 5. Composition of original Porland cements.

No. Clinker (%) Gypsum (%)
1 96.67 3.33
2 95.00 5.00
3 93.33 6.67
4 91.67 8.33

The water of consistency and setting time of the cement samples
were determined according to TCVN 6017:2011 [14]. The compressive
strength of the cement mortar samples is determined following TCVN
6016:2011 [15].

The heat of hydration was determined as follows. 250g of
each cement sample was mixed with its water of consistency in a mixer
for 2.5 minutes (at the slow speed). The cement pastes were filled into
cylindrical plastic cups (with dimensions of @5 c¢cm x 4 cm). The cups
were put into insulated foam boxes and temperature probes were
inserted into the center of the cement pastes. The temperature recording
process was automated, with measurements taken every 30 seconds

over a 24-hour period.

3. Results and discussion

3.1. Water of consistency

The experimental results for determining the water of constency of the

cement samples are shown in Figures 1.
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Figure 1. Water of consistency of cement samples.

The results in Figure 1 show that all BFS cement samples have
lower values of water of consistency compared to the reference Portland
cement sample. The water of consistency of BFS cement samples varies
insignificantly, remaining approximately 27% as the gypsum content
increases from 2% to 5%. This can be explained by the fact that the
majority of water in cement paste is provided for lubricating the surface
of cement particles, while a smaller portion is consumed for hydration
reactions and lubricating the surface of hydrated products [16]. Although
the gypsum content varies, the Blaine fineness of the cement samples
remains approximately equivalent, at (4100 * 50) cm?/g. Therefore,

their water of consistency does not exhibit significant differences.
3.2. Setting time

The experimental results for determining the initial setting time

and final setting time of the cement samples are shown in Figures 2.
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Figure 2. Setting time of cement samples.

Figure 2 reveals that all BFS cement samples exhibit longer
setting times than the reference Portland cement sample. Samples with
higher gypsum contents have longer initial setting time and final setting
time. As the gypsum content increases from 2% to 5%, initial setting

time increases from 120 minutes to 170 minutes, while final setting time
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increases from 180 minutes to 245 minutes. This demonstrates that
gypsum contributes to prolonging the setting time of cement. After
mixing cement with water, gypsum rapidly reacts with C;A, producing
ettringite. Ettringite crystals adhere to the surface of cement particles,
forming a protective layer that reduces water permiablity, thus
extending the setting time of cement [9].

Figure 2 also shows that the initial and final setting times of the
slag-containing samples comply with TCVN 6260:2020, with initial
setting time greater than 45 minutes and final setting time less than 375

minutes [17].
3.3. Compressive strength

The experimental results for determining the compressive

strength of the cement samples are shown in Figure 3.
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Hinh 3. Compressive strength of cement samples.

Figure 3 shows that when varying the gypsum content from 2%
to 5%, the compressive strength of the BFS cement samples with 4%
gypsum reaches a maximum value at all investigated ages. This
indicates that 4% gypsum content is the optimal level. This BFS cement
sample exhibits compressive strengths at 3 and 28 days that are nearly
equivalent to those of the reference Portland cement sample.

Figure 4 shows the difference in strength between the BFS cement

containing 4% gypsum and the samples with 2%, 3%, 5% gypsum and
the reference Portland cement sample.
The compressive strength of BFS cement samples increases as the
gypsum content increases up to 4%. The compressive strength at 1 and
3 days is improved at a greater extent than at 7 and 28 days. This
phenomenon occurs because gypsum reacts with C;A from clinker and
Al(OH)** and Ca®* ions leached from the slag, resulting in the
formation of ettringite [12].

When increasing the gypsum content from 4% to 5%, the strength
of BFS cement remains unchanged at 1 and 3 days but significantly
decreases at 7 and 28 days. This indicates that an excessive amount of

gypsum negatively affects the strength of BFS cement. According to

Leklou et al, the main cause of this phenomenon is the formation of
delayed ettringite, a form of sulfate attack with cement [18]. The
delayed ettringite crystals increase the volume of the cement paste,
leading to stress-induced cracking in the cement matrix structure and

resulting in reduced strength of the sample.
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Hinh 4. Difference in strength between the BFS cement containing 4%
gypsum and the samples with 2%, 3%, 5% gypsum and the reference

Portland cement sample.

3.4. Hydration heat curves of cement pastes

Figure 5 shows temperature variation of cement pastes during the
first 24 hours of hydration.

In BFS cement samples, increasing the gypsum content prolongs
the induction period, reduces the slope of the acceleration period, and
shifts the position of the highest peak to a later time. This phenomenon
occurs because gypsum reacts with C;A in clinker, forming ettringite
and slowing down the hydration process of C;A. Increasing the gypsum
content also delays the moment at which gypsum is exhausted and
ettringite transforms to monosulfate. These results align with the
findings related to setting time, where higher gypsum content leads to

longer setting times.
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Figure 5. Temperature variation of cement pastes during the first 24

hours of hydration.
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4. Conclusion

Based on the research results of the control Portland cement
samples and BFS cement samples (with 40% slag) containing varying
gypsum content from 2% to 5%, we can draw the following conclusions:

- When increasing the slag content in BFS cement while
keeping the Blaine fineness constant, the water of consistency does not
significantly change.

- Increasing the slag content prolongs the setting time of BFS
cement. When increasing the slag content from 2% to 5%, the initial
setting time increases from 120 minutes to 170 minutes, and the final
setting time increases from 180 minutes to 245 minutes, while still
meeting the requirements of TCVN 6260:2020.

- The optimal gypsum content added to BFS cement is 4%,
resulting in higher compressive strength at all researched ages. At this
gypsum level, the BFS cement has compressive strengths at 3 and 28

days approximately equal to those of the reference Portland cement.
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