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h i g h l i g h t s

� Effect of EAF oxidizing slag aggregates on the ductility of RC column was observed.
� Less concrete crushing was achieved at columns with EAF oxidizing slag aggregates.
� Lateral expansion was restrained in RC columns with EAF oxidizing slag aggregates.
� EAF oxidizing slag aggregate was effective for the prevention of fatal collapse.
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a b s t r a c t

This study investigated the structural characteristics of reinforced concrete column comprised of EAF
(Electric Arc Furnace) oxidizing slag aggregates, which are less detrimental to the environment, because
they are generated during the steel-making process and are considered a form of recycling. Six column
specimens were prepared with the axial force ratio and the amount of EAF oxidizing slag aggregates as
the variables. Static loading tests were performed to analyze the load versus strain relationship, failure
mode, distribution of the axial and transverse strain, plastic hinge length, and energy dissipation capacity.
The analysis showed that reinforced concrete columns made from EAF oxidizing slag aggregates had a
superior ductile capacity after they reached their ultimate strength compared to those made from natural
aggregates. The former also experienced significantly less crushing at the column ends up to the limit
state. The use of EAF oxidizing slag aggregates in the columns delayed the initiation of plastic hinges
at the column ends and enabled the plastic hinges to occur first in the beams, thereby effectively estab-
lishing a strong-column weak-beam mechanism (if the slag is used in the structural design).

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, the use of eco-friendly materials and the devel-
opment of related techniques have gained much attention to
reduce the amount of industrial waste and lower CO2 emissions.
Concrete, a key material in the construction industry, amounts to
6 billion tons in annual production [1]. Because 410 kg/m3 of CO2

is released for every 1 m3 of concrete [2], the amount of CO2 emis-
sions caused by manufacturing concrete is about 1 billion tons.
Recently, there has been research on utilizing steel slag as aggre-

gates, a by-product of the steel industry, to prevent the depletion
of natural aggregates and to establish a recycling system in con-
struction [3,4]. Steel slag can be classified into blast furnace slag
and steel making slag [5], and about 400 million tons are produced
around the world [6].

Steel making slag can be divided into EAF slag and BOF (Basic
Oxygen Furnace) slag. Japan has consistently conducted research
on EAF slag, which is generated in large amounts; Japan has pro-
moted the use of EAF oxidizing slag by enacting regulations on
its use [7] in construction [8]. However, most academic research
on EAF oxidizing slag has been limited to its material properties
[9–19], and few case studies are available on the use of EAF oxidiz-
ing slag as material for building structures [20–25].
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To protect human life and property in buildings against earth-
quakes, etc., the fatal collapse of buildings must be avoided. It is
thus necessary to design structures based on the strong-column
and weak-beam mechanism. Structures with such a mechanism,
as shown in Fig. 1, experience a plastic hinge in the beams before
the columns during an inelastic behavior. According to research
on the structural characteristics of concrete made from EAF oxidiz-
ing slag, improvements in the initial stiffness and ductility were
observed in concrete made from EAF oxidizing slag compared to
those made from the natural aggregates [25,26]. Additionally, the
compressive strength of concrete that uses the EAF oxidizing slag
aggregates increases by 20–40% compared to the compressive
strength of the concrete using the natural aggregates [23,27]. It
seems that if concrete made from EAF oxidizing slag aggregates
remains stable without any crushing when subject to a large strain
after yielding of a longitudinal reinforcement, the development of
the plastic hinge can be delayed thus establishing the strong-
column mechanism.

The ultimate purpose of this study was to analyze the structural
characteristics of reinforced concrete columns made from EAF oxi-
dizing slag aggregates to produce economical and eco-friendly
structures based on the strong-column mechanism.

Building upon past research on the structural characteristics of
concrete made from EAF oxidizing slag [26], this study performed
static loading tests on six specimens with the amount of EAF oxi-
dizing slag aggregates and the axial force ratio as the variables.
The results of the analysis are presented for the load versus strain
relationship, failure mode, ductile capacity, and distribution of the
axial and transverse strain.

2. Significance of research

This research covers the structural performance of reinforced
concrete columns with EAF oxidizing slag aggregates. As a result
of using EAF oxidizing slag aggregates, the dilation and crushing
of the concrete are delayed, and the energy dissipation capacity
of the RC column is increased. This result implies that EAF oxidiz-
ing slag aggregates contribute to achieving the weak beam-strong
column mechanism. Moreover, using EAF oxidizing slag aggregates
can contribute to the establishment of a recycling system for struc-
tural materials in the construction industry. Therefore, this
research considers the significant environmental impact of struc-
tural materials used in reinforced concrete structures.

3. Experimental program

3.1. Aggregates in concrete

EAF oxidizing slag aggregates (Fig. 2) have a CaO/SiO2 ratio of
1.51 and contain 0.15% free-CaO. These values satisfy the code
requirement of [8] and [28] (CaO/SiO2 � 2.0, free-Cao � 0.3%) for

Notations

b sectional width of concrete column
D sectional depth of concrete column
Εc modulus of elasticity of the concrete cylinders
fck compressive strength of concrete
fry yield strength of longitudinal reinforcement
fsy yield strength of transverse reinforcement
N axial force applying the column
Ppeak lateral load at peak strength
Pu lateral load at ultimate state corresponding to 0.85Ppeak

Py lateral load at yield of longitudinal reinforcement
Dpeak lateral displacement at peak strength
Du lateral displacement at ultimate state
Dy lateral displacement at yielding of longitudinal rein-

forcement
g axial force level (=N/bdfck)
x density of electric arc furnace oxidizing slag aggregate/-

density of total aggregate in concrete.

(a) Weak-column strong-beam     (b) Strong-column weak-beam 

Fig. 1. Two collapse mechanisms of building.

(a) Coarse aggregate                (b) Fine aggregate
Fig. 2. Electric arc furnace oxidizing slag aggregates.
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