ISSN 1859-1531 - TAP CHi KHOA HOC VA CONG NGHE BAI HOC DA NANG, SO 1(122).2018 61

EVALUATION OF PROPERTIES OF CONTROLLED LOW-STRENGTH
MATERIAL PRODUCED USING TERNARY MIXTURE OF WASTE RED MUD,
SLAG AND PORTLAND CEMENT

DANH GIA CAC TINH CHAT CUA VAT LIEU CUONG PO THAP CO KIEM SOAT PUGC
SAN XUAT TU HON HOP PHE THAI PAT PO, TRO XI VA XI MANG

Huynh Trong Phuoc

College of Rural Development, Can Tho University; htphuoc@ctu.edu.vn

Abstract - The primary aim of the present study is to evaluate the
properties of the controlled low-strength material (CLSM), which is
produced using a ternary mixture of red mud (RM), slag, and a
small amount of cement. The CLSM samples are prepared with
various weight ratios of RM-to-slag (95/0, 85/10, 75/20, and 65/30)
and a constant content of 5% cement. Properties of the CLSM are
checked at both fresh and hardened stages, including flow ability,
setting time, and compressive strength.  Additionally,
microstructural properties of the CLSM are examined using a
scanning electron microscope. Test results show that properties of
the CLSM mixtures are acceptable for the job site application.
Analysis of the optimal mixture is further conducted based on the
test results. Thus, the CLSM sample incorporating 75% RM, 20%
slag, and 5% cement exhibits good physical-microstructural
characteristics that conform well to the standard requirements.
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1. Introduction

Controlled low-strength material (CLSM), one of the
well-known materials with self-compacting, high-flow
ability, and low strength characteristics, is used primarily as
an alternative to compacted fill in the backfill application
[1]. The American Concrete Institute (ACI) has suggested a
specific compressive strength value of < 8.3 MPa for a
CLSM at 28 days [2]. In real practice, the strength of the
CLSM is designed according to each specific application. In
case of temporary construction, for example, low-strength
levels of 0.5-2.0 MPa are suggested for future excavation.
However, a normal strength value of about 0.7 MPa is
required for most current backfill applications [3, 4].

In recent years, studies on the production CLSM using
various sources of waste materials and on the application
of the CLSM have been conducted by many researchers in
the world. Katz and Kovler [3] investigated the possibility
of using cement kiln dust (CKD), coal fly ash, coal bottom
ash, asphalt dust, and quarry waste to produce CLSM.
Their results showed that all of the CLSM samples
exhibited good properties with 25-50 wt.% dust contents.
Moreover, the samples containing fly ash (FA) and CKD
showed better properties than other samples due to
pozzolanic and cementing potential of the FA and CKD.
Tiirkel [4] studied the long-term compressive strength,
water absorption, and extraction procedure toxicity
characteristics of the CLSM produced using class-C fly
ash, crushed limestone sand, and a small amount of
pozzolanic cement. Test results showed that the CLSM
samples exhibited a good flowability and low compressive
strength levels of 1.2 — 2.8 MPa after a year. Nataraja and

Toém tat - Nghién clru nay nham danh gia cac tinh chat cla vat lieu
cwong do thap co kiém soat (controlled low-strength material -
CLSM) dwoc san xuét tir hén hop d4t dd, tro xi va mét lwong nhé
xi méng. Cac mau CLSM dwoc chudn bj véi céc ti 16 dat dé/ tro xi
khac nhau (95/0, 85/10, 75/20 va 65/30) cuing mét lwgng cb dinh
5% xi mang. C4c tinh chét ctia ca hén hop CLSM twoi va cac méu
CLSM dong cung gdm kha n&ng chay, thdi gian ninh két va cwong
dd chju nén deu dwoc kiém tra. Hon niva, cac dac diém vé vi cu
trdc cta cac mau CLSM ciing dwoc xem xét théng qua kinh hién
vi dién ttr. Két qua kiém tra cho thay tat ca cac tinh chat cta CLSM
déu thich hop cho trng dung ngoai thuwc t&. Phan tich cap phdi téi
wu ciing dwoc thyc hién dua trén cac két qua dat dwoc. Tw do,
mau CLSM chtra 75% dét dd, 20% tro xi va 5% xi mang c6 cac dac
didm tét vé tinh chat vat Iy va vi cAu tric, théa man cac yéu cau
clia tiéu chuén.

Twr khéa - vat liu cuong do thap co kiém soat; dét do; tro xi; thoi
gian ninh két; kha nang chay; cwdng do chiu nén

Nalanda [5] evaluated the performance of CLSM derived
from FA, rice husk ash (RHA), and quarry dust. Their
results supported the successful application of these
materials in CLSM. The 28-day compressive strength
values of the CLSM samples ranged from 0.05 MPa to
4.2 MPa. Do and Kim [6] investigated the engineering
properties of CLSM containing red mud (RM), ponded ash,
FA, and ordinary Portland cement (OPC). Their results
showed that all of the CLSM samples conformed well to the
requirements of ACI 229 [2] in terms of flowability, bleeding
rate, initial setting time, corrosivity, and compressive strength.
They also found that the incorporation of RM affected all of
the engineering properties of the CLSM significantly.
Horiguchi et al. [7] studied the applicability of CLSM
produced using incinerated sewage sludge ash, crushed-stone
powder, and FA. They reported that the desired strength and
flowability of the CLSM could be obtained with careful
consideration of mix design. Their results also demonstrated a
great potential of applying such solid wastes in CLSM. Taha
et al. [8] evaluated properties of CLSM developed from OPC,
copper slag, cement by-pass dust, and incinerator ash. Their
results proved that it was possible to produce the CLSM
samples from such solid wastes with good properties that met
the standard requirements. In addition, curing conditions were
found to have significant effects on the compressive strength
of the CLSM.

Since the information regarding the use of blended red
mud, slag, and OPC for producing CLSM is limited in the
literature, the present study aims to evaluate the properties
of both fresh and hardened CLSM in order to evaluate the
possible application of this blended material in producing
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CLSM. Moreover, microstructure observation and optimal
mixture analysis are also conducted in this investigation.

2. Experimental programs
2.1. Material properties

Various proportions of RM-slag-OPC blends are used
to prepare the CLSM samples for this investigation. The
RM used in this study is sourced from China, whereas the
slag and OPC are sourced from Taiwan. Both RM and slag
are the waste materials of alumina and steel industries,
respectively. These materials are collected and directly
recycled without any pre-treatment process in order to
obtain cost-effectiveness. It is noted that all of the raw
materials used are in dry form. These raw materials are
checked of both physical and chemical properties prior to
use, with the results are shown in Table 1 and Table 2,
respectively. High concentrations of silicon dioxide,
aluminum oxide, and calcium oxide are detected in all of
the raw materials. A high percentage of sodium oxide is
found in RM, whereas a large amount of magnesium oxide
is found in both slag and OPC. In addition, Figure 1 shows
the scanning electron microscope (SEM) images of the raw
materials. It can be seen clearly that RM comprised of
particles with partially round- and angular-shaped, whereas
slag comprises particles with an irregular-shaped.
Moreover, the mean particle size of slag was finer than that
of RM and OPC (Table 2). Thus, the hydration rate of slag
would be greater than that of RM.

Table 1. Physical properties of raw materials

Physical properties RM Slag OPC
Specific gravity 2.72 2.92 3.15
Mean particle size (pm) 9.1 8.8 19.1
Specific surface area (m%/g) 1.59 1.68 1.11
Table 2. Chemical composition of raw materials
Chemical composition (wt.%)| RM Slag OPC
Si0z 21.0 39.1 12.5
AO3 22.0 13.0 4.6
SO3 0.4 1.9 1.7
CaO 6.2 37.5 68.8
MgO 1.3 7.1 5.8
Na20 10.5 - -
Others 2.3 2.0 33

2.2. Ingredient proportions

In the present study, the same amount of OPC (5%) is
mixed with various amounts of RM and slag (RM/slag
ratios of 95/0, 85/10, 75/20, and 65/30) to prepare the CLSM
samples. In addition, a constant water-to-binder (w/b) ratio
of 0.45 is used for all CLSM mixtures. Thus, the mixture
proportions (by weight of materials) used in the CLSM are
presented in Table 3.

Table 3. CLSM ingredient proportions

. Material proportions (kg/m?%)
Mixture w/b
RM Slag OPC Water
R95S00 0.45 11654 0.0 61.3 552.1

R85S10 0.45 1046.0 123.1 61.5 553.8
R75S20 0.45 9259 246.9 61.6 555.5
R65S30 0.45 804.9 371.4 61.9 557.2
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Figure 1. SEM micrographs of RM and slag particles
2.3. Samples preparation and test methods

All of the raw materials are prepared and mixed in a
laboratory mixer, followed by mixing water. Right after
mixing, the fresh CLSM mixture is checked for flow ability
and setting time following the guidelines of ASTM D6103
[9] and ASTM C403 [10], respectively. After that, the CLSM
samples with dimensions of 50x50x50 mm are prepared
for the test of compressive strength. These samples are cured
at room temperature until the testing ages. The
compressive strength test is performed at the sample ages
of 1,7, and 28 days in accordance with ASTM C109 [11].
The reported result is the average strength value of three
samples from each mixture. In addition, broken pieces of
the 28-day-old CLSM samples that are taken right after the
compressive strength test are soaked in alcohol to stop
hydration and then examined using a SEM.

3. Results and discussion
3.1. Flow ability of fresh CLSM mixture

Table 4 shows the results of flow ability measurement
of fresh CLSM. The ASTM D6103 [9] has suggested a
common flow ability value of greater than 150 mm, which
is acceptable for job site work. Thus, all of the fresh
CLSM produced in this study has good flow ability
performance, with the measured values ranging from 185
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to 205 mm. The results shown in Table 4 indicate that the
incorporation of more slag reduces flow ability of the
mixture. This is because of the combined effect of both
the irregular shape of slag particles, which inhibits the
lubricant effect and the very fine slag particles with a high
specific surface area, which absorbs more water on the
particle surfaces and in internal pores, leading to a loss in
flow ability of the fresh CLSM. This behavior is supported
by Hwang and Huynh [12].
Table 4. Flow ability and setting time of fresh

CLSM mixtures
Mixture Flow ability (mm) | IS (hour) | FS (hour)
R95S00 205 - -
R85S10 200 8.6 13.7
R75S20 190 7.8 12.7
R65S30 185 7.3 11.1
Note: “-” indicates the samples did not set within 24 hours;

IS = Initial setting time; FS =Final setting time.
3.2. Setting time

The IS and FS of the fresh CLSM are measured and
reported in Table 4. The designation for setting time of the
CLSM is based on its specific applications. For example, the
required IS for backfills application suggested by ACI 229
[2] is normally about 4 hours and about 20-35 minutes in
some special cases. In the off-urban area, the IS of the fresh
CLSM may be longer than 4 hours. In addition, the
requirement for FS of the fresh CLSM is < 24 hours in most
of the cases. As can be seen from Table 4 that the IS and FS
of the fresh CLSM mixtures range from 7.3 to 8.6 hours and
from 11.1 to 13.7 hours, respectively. This study also finds
that the CLSM mixture containing more slag registers a
shorter setting time, while the slag-free CLSM mixture does
not harden within 24 hours. As aforementioned, the inclusion
of more slag accelerates the hydration rate, shortening the
setting time of the fresh CLSM mixture. This is in good
agreement with the results that were previously reported by
Nath and Sarker [13]. Therefore, the R95S00 mixture cannot
be used to produce the CLSM due to its delay in setting time.

3.3. Compressive strength

The compressive strength development of the CLSM
samples is presented in Figure 2. As shown, the strength
keeps increasing with the curing time, which is
attributable to the continuous hydration process between
the materials with both cementing and pozzolanic
characteristics [14]. The R95S00 samples with no slag
inclusion do not harden within 24 h, thus their strength
values are not measured.

Meanwhile, the 28-day-old CLSM samples with 10%,
20%, and 30% slag had compressive strength values of 7.4,
10.2, and 16.4 MPa, respectively. Thus, the incorporation
of slag in the CLSM mixture is found to have a positive
strength improvement as more slag associated with greater
strength. This is attributable to a positive effect of
hydration due to the pozzolanic or the cement-like
characteristics of slag. Moreover, the very fine slag
particles greatly contribute to enhancing the hydration rate,

in which slag may act as an accelerator and improve the
CLSM strength [12]. Like the general requirements for job
site application of a CLSM, the 1-day and 28-day
compressive strength values should be > 0.7 and < 8.3 MPa,
respectively [2]. Thus, the strength values of the R85S10
sample fix well to these requirements. In some specific
applications, however, the 28-day strength may be required
to be higher than 8.3 MPa.
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Figure 2. Compressive strength development of
the hardened CLSM samples
3.4. Microstructure analysis

The SEM micrographs of the hardened CLSM samples
are displayed in Figure 3. As shown in the figure that the
R65S30 sample has a denser microstructure than the others,
indicating that the incorporation of more slag improves the
hydration degree and thus creates a denser microstructure
with less uncompleted/ unreacted particles. This characteristic
supports the improved strength of the CLSM samples as
presented in Figure 2. However, a close observation on
Figure 3 finds some uncompleted/ unreacted RM and slag
particles and micro-cracks, indicating a not fully reaction
in the system and thus negatively affecting the mechanical
properties of the CLSM. This finding is in line with previous
results reported by Hwang and Huynh [14].

3.5. Analyses for the most suitable mixture

With consideration of green construction and sustainable
development, the use of OPC should be limited due to the
negative impacts on the environment during its use and
production [12]. Therefore, recycling solid waste materials
(RM and slag) as an alternative to OPC in the production
of CLSM is an effective way, which helps to solve the
problem regarding the management of these wastes.

On the other hand, the cost of raw materials is another
important consideration. So far, the cost for RM is much lower
than that of slag. Thus, using more RM in CLSM mixture is
found to have cost-effectiveness. The results of the present
study show that the CLSM mixture incorporating 80% RM,
20% slag, and 5% OPC (R85S10) is the most suitable for the
requirements as above mentioned. This mixture has a flow
ability value of 200 mm, an IS of 8.6 hours, an FS of
13.7 hours, and 1-day and 28-day compressive strength values
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of 1.7 and 7.4 MPa, respectively.
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Figure 3. SEM micrographs of the hardened CLSM samples

4. Conclusions

The physical and microstructural properties of the
CLSM produced using blended RM, slag, and OPC are
evaluated in this study. The following conclusions may be
drawn from the results of the experiments:

- The flow ability and setting time of the fresh CLSM
decrease with the incorporation of slag in the CLSM
mixtures. However, compressive strength values of the
CLSM samples significantly increase with slag content.

- A denser microstructure is observed at the CLSM
samples containing more slag. This finding supports the
development in the strength of the CLSM.

- The CLSM samples derived from 85% RM, 10% slag,
and 5% OPC have acceptable properties that meet the
current specifications for job site application.

- The results of the present study demonstrate a great
possibility of using RM and slag with a small amount of
OPC in the production of CLSM.
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