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Tém tit. Bai bao nay nghién ciru viée sir dung xi thép khong gi (SSRS) trong viéc thay thé xi ming dé san xuét vat lidu cwong do
thap c6 kiém soat (CLSM). Cét liéu chinh ciia hn hop CLSM dwgc hinh thanh tir cat song va dét dao theo ty 1¢ theo thé tich 6:4.
Téng cong c6 12 hdn hop vira dwgc tao ra khi thay doi ty 1¢ xi ming thay thé 1in lwot 1a 0%, 10%, 20%, 30% va ty 1& nuwéc/chét
két dinh 3.4, 3.6, va 3.8. Trong khi do, Kkhdi lwgng chét két dinh dwgc giir cb dinh 100 kg/m>. Cuong d§ chiu nén ciia cac miu duge
thi nghiém xac dinh & cac d tudi khac nhau. Két qua cho thiy, ty 1¢ xi thay thé va ty 1é nwéc/ chit két dinh ¢6 anh hwong dang ké
dén cwong dé chiu nén ciia miu. Pdng thoi, dwa trén két qua thwe nghiém, cac tac gia da thiét 1ap thanh céng mé hinh sy phat
trién cwdng do chiu nén cia vira CLSM theo thoi gian.

Tir khéa: Vit liéu cuong do thap co kiém sodt (CLSM); Xi mang thay thé; Bé linh dong,; Cuong do chiu nén; Kha nang dao

Abstract. This paper deals with using stainless steel reducing slag (SSRS), a byproduct generated from stainless steel making
process, as a cement substitute in production of soil-based controlled low-strength material (CLSM). In the CLSM mixture, surplus
soil and river sand were blended well together with a sand-soil proportion of 6:4 by volume in order to produce fine aggregate.
Totally, twelve mixtures were prepared for experiment when we changed in turn percentages of Portland cement replacement with
SSRS of 0%, 10%, 20%, and 30% by weight and the water-to-binder ratio of 3.4, 3.6, and 3.8. Meanwhile, the binder content in
each mixture was fixed at 100 kg/m?. Compressive strength of the CLSM was experimentally investigated at various curing ages.
It was revealed that SSRS substitution level and water-binder ratio have a great effect on the compressive strength. In addition,
an analytical model for predicting compressive strength of the CLSM from one to 56 days has been developed with high reliability.
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1. INTRODUCTION

Recently, controlled low-strength material (CLSM) has
been popularly used in construction for backfill applications
instead of granulated compacting soil. It is also known as
other terms, such as flowable fill, plastic soil-cement, and
unshrinkable fill [1]. High capacity of self-compacting/-
leveling in fresh, and almost no settlement after hardening
are remarkable characteristics for this material. Cement, fine
aggregate, and water are common constituents for CLSM
mixtures. In spite of being similar to concrete in production,
CLSM is not concrete and does not usually consider as a
structure material [2]. According to the ACI Committee
229R [1], CLSM has a compressive strength of 8.3 MPa or
less. Previous studies have recommended that if future
excavation is desired its strength should be less than 1.034
MPa [3, 4]. With a noticeably low compressive strength
requirement, various non-standard or waste materials have
been successfully employed for CLSM production such as
industrial byproducts, foundry sand, rubber tires [4-7]. This
feature would be a major benefit for CLSM applications,
leading to reduce the overall project cost, save natural
materials for next generation. Over the past decades, it has
been reported that residual soil after pipeline excavation
could be reused as an alternative fine constituent in
production of CLSM, which is effectively used as a backfill
material around buried pipelines [8, 9]. Chen and Chang [10]
have provided a ready-mixed soil material (RMSM), a kind
of cementitious soil slurry with its compressive strength
lying between CLSM and soil cement material. Their
research pointed out that excavated soil from different site
projects would be acceptable for making RMSM after an
adequate process of treatments. Moreover, Vipulanadan et

al. [11] indicated that mixing clayey soil and foundry sand
could form fine aggregate for producing CLSM. However, it
should be noted that not all of excavated soils are considered
as a source for CLSM. The ACI 229R recommends that silty
sand containing up to 20% fines constituent, passing the No.
200 sieve of ASTM D6193 [12], can be acceptable for
CLSM making, whereas soil with clay fines may cause an
incomplete mixing as a result of soils’ stickiness. As an
attempt of waste soil consumption, previous studies have
reported that combination of sand with unused soil was
expected to improve the material grading. Wu and Lee [13]
employed surplus clay in CLSM production for subgrade
material, but their proposed mixtures consumed a dramatic
amount of cement (above 300 kg/m?). More lately, Sheen et
al. [14, 15] have studied on CLSM containing different sand
to soil proportions and claimed that the higher soil content in
mixtures, the lower water is required for equivalent
flowability.

On the other hand, the process of stainless steel
production generates a large quantity of waste from melting
scraps in plants. Approximately, producing each three tons
of stainless steel will create one tone of waste [16]. Stainless
steel reducing slag (SSRS) discharges from reducing
condition of basic refining process, called as secondary steel
making operation. In comparison with ground granulated
blast furnace slag (GGBFS), generated from iron making,
alloy steel slag contains several toxic ingredients such as
chromium, lead, nickel, cadmium, which would be harmful
for not only environment, but also human health [17, 18].
Therefore, it is necessary to treat them prior to their
applications or removal. Chemical analysis reveals that
stainless steel slag is mainly a compound of several metal
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oxides (e.g., CaO, SiO,, and Al,O3), which is similar to
GGBFS. In addition, literature observation showed that
stainless steel reducing slag is highly variable in chemical
composition [18]. Generally, the CaO and Al,Os contents are
found to be higher than those of other slag, whereas the FeO
or Fe;03 is observed to be much less [16]. In practice, a large
quantity of steel making slag has been usually employed in
production of aggregates for road pavement or concrete
purposes, and in fertilizer production [19, 20]. Lately,
however, there has been a potential application of these
wastes as a hydraulic supplementary after relevant
treatments [17, 19, 21].

The present study is addressed toward providing strength
model of an environment-friendly and low-cost CLSM using
both SSRS and Portland cement as combined binder and
surplus soil as fine constituent. The findings derived from the
research are expected to contribute a deep understanding and
corrected usage of hazardous and excavating wastes as
recycled sources that is a beneficial solution in making green
building materials.

2. LABORATORY STUDIES
2.1 Materials used and mix-proportion

The SSRS used in this study has the specific gravity of
2.84 and the specific surface area of 4515 cm*g, Blaine. It
was obtained form Lihwa Corp. (Taiwan). Ordinary Type I
Portland cement (OPC) conformed to ASTM C150 [22] with
the specific gravity of 3.15 and specific surface area of 3851
cm?/g was used in mixtures. The chemical and physical
properties of the SSRS and OPC were shown in Table 1.
Table 1. Chemical and physical properties of OPC and SSRS

Analysis results OPC, Type I SSRS

Chemical analysis (%)
Silicon dioxide, SiO2 20.87 22.97
Aluminum oxide, Al2O3 4.56 4
Ferric oxide, FeO/Fe203 3.44 0.08
Calcium oxide, CaO 63.14 51.26
Magnesium oxide, MgO 2.82 8.1
Sulfur trioxide, SO3 2.06 -
Potassium oxide, K:O - -
Sodium oxide, Na2O - -
Titanium oxide, TiO2 - 0.09
Loss of ignition, L.O.I 2.30 -

Physical properties
Fineness (cm?%g) 3851 4551
Specific gravi 3.15 2.84

Fine aggregate was formed by well mixing concrete sand
and surplus soil together in order to desirably improve the
distribution of particles. The soil was obtained from a
construction site (after eliminating almost organic
substances) where the proposed CLSM is expected to use as
a backfilled material for basement wall. Physical test shows
that the collected surplus soil was a sandy-clayey soil, brown
in color, and had the liquid limit (LL) and plastic index (PI)
of 22 and 2.3, respectively. Also, its fine ingredient (passing
No. 200 sieve) was found to be nearly 11% and was
classified as a SP—SM soil (poorly graded sand with silt) in
accordance with the Unified Soil Classification System
(USCS) [23]. The excavated soil used in the work was dried
in air condition to evaporate majority of water content before
use. Results of the sieve analysis of materials were plotted in
Fig. 1. Fineness modulus of the sand, soil, and combination
were 2.60, 1.24, and 2.06, respectively.

The sand to soil proportion was chosen at a predetermined
ratio of 6:4. The goal of mix design for the proposed CLSM
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is expected to achieve the essential requirements of
excavatable CLSM with hand tools, commonly expressed in
term of the 28-day unconfined compressive strength being
less than 1.034 MPa [4, 8, 24]. The experimental work was
conducted on three mix groups, namely M34, M36 and M38,
corresponding to three levels of water-to-binder ratio (w/b),
e.g. 3.4, 3.6, and 3.8, respectively. Moreover, the binder
(OPC and SSRS) dosage was fixed at 100 kg/m? for each
mixture (about 5% of total mixture’s weight). In each mix
group, SSRS substituted for OPC with various ratios, such as
0% (reference), 10%, 20%, and 30%, by weight.
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Fig. 1 Grain-size distribution of the sand, soil and
combination.

2.2 Specimen preparation and testing procedures

Unconfined compressive strength test was conducted on
100x200-cylindrical samples as per ASTM D4832 [25].
Fresh CLSM conformed the acceptance of flow consistency
(200-300 mm) was filled in 100 mm diameter and 200 mm
height moulds without requirement of vibration or
compaction due to high flowability and self-compacting
capacity of the material. All the cylinders were covered with
wet burlap for 2-3 days and then slightly removed from the
moulds. Thereafter, the specimens were carefully transferred
and stored in curing environment (23 °C and 100% relative
humidity) until achieving the testing ages (e.g., 07-, 28-, and
56 days). During demoulding and handling process, all
samples must be no damages or scratches. Each strength test
was done on three cylinders and the averages were obtained.

3. RESULTS AND DISCUSSIONS
3.1 Compressive strength development with times

Compressive strength of the proposed CLSM was tested
at 1-, 7-, 28-, and 56 days. All the 28-day cylindrical groups
have the average compressive strength of 0.42-0.81 MPa,
which were well-matched the acceptable range (0.35-1.034
MPa) for excavatable CLSM [4, 8, 24]. The strength
development of 10% SSRS specimens was typically
illustrated in Fig. 2. As expected, a longer age of curing is a
higher compressive strength due to continuation of
cementitious-hydrated  process. = The  strength—time
relationships can be analytically expressed in a logarithmic

of ' (t)=a-In(¢)+b (where a, b are

experimental coefficients; ¢ is the curing age, days). The R-
squared values were found to be equal or greater than 0.97,
and this strongly confirms that the logarithmic formula are
highly reliable for describing strength evolution of the soil-
based CLSM. An analogous strength developing behavior

function
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for CLSM prepared with Class C fly ash was also published
by Tiirkel [26].

3.2 Effects of w/b and SSRS substitution level on
compressive strength

Constituent materials and quantities have a great
contribution to the performance of the CLSM because of
being different in water demand. Among them, water-to-
binder ratio, cement content, as well as aggregate’s
characteristics are widely admitted to be major factors [24].
In general, increasing the w/b may be accompanied by a
noticeable strength reduction. It is an expected result for
cementitious materials, usually reported in literature due to
forming high pore volume in the matrix [13, 27]. For
example, as seen in Fig. 3, when w/b varied from 3.4 to 3.8,
the associated compressive strength at 56 days decreased
approximately by 18% (0.88-0.72 MPa) and 14% (0.65-0.57

MPa) for specimens without and with 30% SSRS
replacement, respectively.
1.0
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Fig. 2 The compressive strength development as slag
replacement level of 10%
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Fig. 3 The 56-day compressive strength with respect to water-
binder ratio.

Moreover, Figs. 4(a)-(c) indicate that the compressive
strength of SSRS specimens is significantly lower than that
of control (without slag) at any testing ages. A gradual
increase in slag content could result in a steady strength
reduction for all samples at each curing age, up to 56 days.
For instance, for M34 mixture with 30% SSRS substitution,
the strength at 01-, 07-, 28-, and 56 days was declined by
approximately 38%, 39%, 27%, and 25% in comparison with
the controls, respectively. Similarly, for the M36 and M38
mixtures, the corresponding strength drop were 34%, 41%,
18%, 23% and 29%, 37%, 32%, 31%, respectively. From
Fig. 4, there are best-fit straight line expressed well

relationship between compressive strength and slag
replacement level (R*> > 0.82), and this result was in
agreement with the previous research of Shafigh et al. [28],
who studied on lightweight concrete. In addition, it is
revealed that the strength loss had a tendency to be higher at
early age (one day) and lower at later ages (28- and 56 days).
This behavior is logical because SSRS is not as good as OPC
in contributing to strength, especially at early ages.
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Fig. 4 Relationship between compressive strength and SSRS
ratio.

On the other hand, the 56-day compressive strength of
30% SSRS specimens was observed to decrease by about
25%, in average, comparing to the controls. This result was
different from conventional concrete. Previous studies on
concrete have reported that with a similar slag content in
replacement with OPC, the compressive strength could be
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comparable to that of plain concrete at 28- or 56 days [29-
31]. It is believed that very high water-binder ratio in CLSM
mixture comparing to normal concrete is responsible for
above strength reduction. Also, as a speculation, there would
be a considerable strength gain in later ages beyond 56 days,
which has been experimentally claimed by Shariq et al. [32],
when they studied on concrete incorporating with GGBFS.
Tiirkel [26] has been published a study on CLSM made with
puzzolanic cement and Type C fly ash, in which its strength
evolution was described with a similar manner.

3.3 The early and later-age strength relationships

Fig. 5 demonstrates the relationship between the one-day
and later compressive strength of the CLSM specimens. The
strength at 01-, 07-, 28-, and 56 days were ranged from
0.13-0.25 MPa, 0.53-0.55 MPa, 0.42-0.81 MPa, and
0.57-0.88 MPa, respectively. It can be realized that a higher
one-day compressive strength a higher is certainly long-term
strength and vice versa. In addition, the 07-, 28-, and 56-day
compressive strength are approximately 1.52, 3.72, 4.52
times as high as the one-day strength, in averages,
respectively. Also, from Fig. 5, the correlations between one-
day strength and 7-, 28,- 56-day strength can be expressed in
linear forms; and these regression lines are graphically
observed to be almost parallel, which was similar to the
reports published by Wu and Lee [13], and Shafigh et al.
[28]. This statement implies that there was probably a
proportion of long-term strength to early strength, and it is
helpful to predict later strength as soon as possible.
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Fig. 5 Later-ages strength versus one-day strength
3.4 Compressive strength model

Developing a predicted-strength model being modified
from the expression of Du et al. [24] is an additional attempt
on this issue. Their predicted model was employed water-to-
cement ratio as only variable for describing strength
evolution of air-entrained CLSM mixture containing bottom
ash as fine aggregate. Based on the experimental data,
compressive strength of the proposed CLSM up to 56 days
can be analytically evaluated via the following equation (1),
which was derived from the regression approach with two
independent variables of mixing proportion, viz. water-to-
binder ratio and percentage of slag replacement:

£O=a0)(7)" ()" M

where, f;(1)is the compressive strength at curing ages of ¢

(days); w/bis the water-to-binder ratio; py (%) is the
percentage of SSRS replacement; a(f), b;(f), and bx(¢) are
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coefficients depending on curing ages, ¢ (days), determined
as follows via regression analysis:
a(t) =-0.000076 xt* +0.003801 x> +0.050318 <t +0.121187

b,(1)=0.000106 xt* —0.007588 xt* +0.096666 xt —1.797258
b, (t)=0.0007 xt —0.0726

Moreover, ACI Committee 209 [33] recommends the
following equation (2) for evaluating cylinder compressive
strength of concrete, based on the compressive strength

measuring at 28 days, jf (28) :

10~ a5 029 ®

Fig. 6 indicates that the predicted strength from equation
(1) was reasonably closer to the measured one than that of
from equation (2), evidenced by the fact that almost the data
points (marked in circles) are located within an error range
of £ 10%. Indeed, equation (1), taking into account w/b and
slag replacement ratio, gives a well-fitted result in strength
prediction with a high determination coefficient (R? = 0.97),
a good indicator to check the “goodness” of the proposed
formula.
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Fig. 6 Comparison of measured and predicted strength

4. REMARKS

Several concluding remarks can be withdrawn from this
study:

An equation for predicting the strength development has
been reasonably established via regression technique, in
which two mix proportion variables (w/b and SSRS ratio) as
well as curing ages were taken account. Also, a verified test
was independently conducted to validate the performance of
the predicted formula. Testing result exhibited that the
proposed model is highly reliable to evaluate compressive
strength. However, the suggested formula should be further
considered in practical uses because it has been built up
based on limited data.

Increasing SSRS substitution ratio would lead to
decrease the compressive strength because the reducing slag
is not as good as OPC in contributing to strength, particularly
at early ages. With 30% slag replacement, the 56-day
compressive strength was observed a drop of 14-18%
compared to the controls made with pure cement; and this
strength reduction was expected in design due to
convenience for controlling excavatability.
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