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In order to reduce the CO, emission engineers and architects must optimize the use of materials,
particularly steel, making an optimal use of it. It is possible to guarantee the strength of the struc-
tural element reducing the amount of steel locating it properly at the cross-section and introducing a

higher control level at construction site
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INTRODUCTION

Global warming due to greenhouse gases emis-
sions is a worldwide problem. It is known that
greenhouse gases are mainly sourced from the
burning of fossil fuel being of all the gas emis-
sions those CO, is by far the most important.
The problem relating to the global warming had
become so important that 175 countries decided
in 2005 in Kyoto (Protocol of Kyoto) decrease
by 8% the greenhouse gases emissions during
2008 to 2010 compared to 1990 levels.

The steel is one of the most environmental care-
ful products because of its high recycling rate and
comparatively low quantities of energy required
for its making. However, because the steel in-
dustry has a strong dependence on fossil fuels
as energy source and limestone for the purifica-
tion of iron oxides, the amount of emission of
CO, emitted during its fabrication process is very
large. Motivated by social and economic reasons
steel plants had introduced modern technology
to save energy and treat the waste generated
during the production process. Despite these ac-
tions, the environment problem associated with
the greenhouse gases emissions remains the
key issue in the international steel industry.

The steelmaker companies have the installa-
tions necessaries to produce steel sheets start-
ing from raw materials (mainly iron ore and coal).
Quite a few of these processes involve very high
temperatures or tremendous forces. All these
energy-intensive processes have a significant
impact on the environment. In the last years,

* Campus Universitario de Fuentenueva, ,18071 Granada, Spain
migil@ugr.es

companies are looking for ways to reduce the
environmental impact of its activities and to con-
trol its processes more efficiently. These actions
have involved huge costs for firms. However, the
sustainability for the steel industry concerns not
only to the production of this material but also
to the introduction to a rational consumption
pattern. In this sense, an adequate awareness
of engineers focused on a more rational use
of steel can significantly reduce the consumed
amount of this material, with the consequent en-
vironmental and economic benefits.

ENVIRONMENTAL COST OF STEEL

Carbon credits are one of the three mechanisms
proposed in the Kyoto Protocol for reducing emis-
sions that cause global warming or greenhouse
gases (GHG). The GHG emission reductions are
measured in terms of Certified Emission Reduc-
tions (CER). Each CER equals one tonne of CO,
that is allowed to emit into the atmosphere. This
system tries to motivate to companies to con-
trolling the regular emissions generated by their
production processes. Since 2008, the system
of the Community Emissions Trading Scheme
(ETS), applies to the countries of the European
Economic Area (Member States, Norway, Ice
land and Liechtenstein). The ETS aims to help
EU Member States meet their commitments to
limit or reduce emissions of greenhouse gases
cost-effectively, allowing to companies buy or
sell emission allowances. A carbon credit entitles
the holder to emit one tone of CO,. Imposing a
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cap on the total number of allowances is what
creates scarcity in the market so companies that
not emit or reduce the emission have benefits
while had to pay if emissions are bigger than al-
lowed.

Accepting that the average carbon dioxide emis-
sion is 2 Tons per tonne of steel, it is possible
to estimate the environmental cost associated to
the production of this material. In this paper the
average value of 14 €/Ton of CO, emissions is
adopted and, in order to estimate the cost of the
steel, has been accepted that the price of each
ton of steel is 1 € and that the specific weight of
steel is 78.5 KN/m?.

STEEL IN STRUCTURES

Until now, the main uses of steel have been in the
transport, packaging and construction sectors. In
the latter, i.e. civil engineering and architecture,
the steel is usually used alone or in combination
with concrete. In the second case, the steel is re-

sponsible for resisting tensile stresses while the
concrete is placed in the compressed area of the
cross section, in which the steel is susceptible to
instabilities. In this paper is shown that an opti-
mal distribution of steel in the cross-section can
save very important amount of steel.

Reinforced concrete structure

The design of longitudinal reinforcement in rein-
forced concrete structures is often made with the
assistance of N-M interaction diagrams, which
generally are presented only for symmetric rein-
forcement. However, it is evident from RSD de-
sign approaches [01, 02] that in some cases it is
feasible and economically advantageous to use
asymmetric reinforcement distributions.

RSD methodology consists in the consideration
of all the possible solutions, for a design prob-
lem, through the representation called RSD, as
illustrated for a reinforced concrete section in
Figure 1 [03].
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Figure 1: Example of RSD for uniaxial bending

Recent work by the authors has emphasized a
unique solution strategy in which reinforcement
solutions are obtained as a function of the neutral
axis depth, allowing optimal reinforcement solu-
tions to be characterized and used for design.
The resulting reinforcement distributions gener-
ally are not symmetric, but conform to building
code requirements and may result in significant
savings of reinforcement, and thus advance the
aims of sustainability in construction. In one in-
stance, Reinforcement Sizing Diagrams are ap-
plied to the design of sections subjected to uni-
axial bending in conjunction with axial load [03].
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Although this non-symmetrical reinforcement in
elements subjected to both bending moment and
compression load represents a major advance in
the state of the art of reinforced concrete, its ap-
plicability to piles of structures is very limited due
to the random nature of the horizontal forces due
to wind and earthquake. In order to account for
the possible reversal of sign of the bending mo-
ments symmetrically reinforced piles have to be
disposed. On the contrary, in situations in which
such reversal of sign of the bending moment is
not possible, a non-symmetrical reinforcement
of the cross-section of concrete can save a sig-
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nificant quantity of steel. This situation happens
in earth retention walls, in which the tensile zone
will be always placed next to the soil because the
unidirectional action of passive earth pressures.

In cities is very frequent the use of cut and cover
excavation systems for projects such as sub-
ways, depressed rail and road bed. In these
cases a temporary decking is included resting
on the top of the retaining wall to permit traffic to
use the space overhead while the construction
process continue below (Figure 4). In such situ-
ations, the cast in place cantilever wall is very
often constructed by circular piers of reinforced
concrete because the pier foundations are less
costly to construct than continuous wall founda-

Installation of casing

Building
guide wall

Contiguous piles

Tangent piles

tions, simply due to the fact they use less mate-
rial.

Circular pier reinforced with steel cages

Walls of piles (Figure 2.a), frequently used in un-
derground construction, are routinely constructed
using symmetric reinforcement (Figure 2.b). De-
sign solutions for circular sections obtained with
available computer programs and charts are built
on the premise that the longitudinal reinforcement
consists of a uniform bar diameter (¢) distributed
evenly around the perimeter of the section, at a
constant spacing. Nevertheless It has been shown
that this reinforcement can be optimized [04, 05].

Drilling secant borehole

J Casting
Secant pile

2 15

Secant piles

(b)

Figure 2: a. Secant wall construction (adapted from an archive of Land Transportation Authority, USA),
b. Types of bored piles walls whit Traditional longitudinal reinforcement

In earth retaining structures, in light of the rela-
tively insignificant axial compression sustained
and because the unidirectional action of passive
earth pressures results in a well defined mono-
tonic direction of action for the design flexural
moment at the critical cross-section - with no
transverse components -, an alternative reinforc-
ing arrangements such as those shown in Figure
3 may be more appropriate.
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A pier with a diameter of 1 m will be considered
in this paper. The conventional design utilized
twenty ¢ 25 bars for longitudinal reinforcement,
with circular hoops of ¢ 8 @ 300 mm. The de-
sign axial force is approximately zero. Steel re-
inforcement was B-500-S having a characteris-
tic strength of 500 MPa. Concrete, C-25, had a
nominal compressive strength of 25 MPa. The
total area of initially projected longitudinal rein-
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forcement (twenty ¢ 25) was 9817 mm? or 1.25
% of the gross area. Initial and optimized rein-
forcement locations are shown in Figure 3.

As shows in Table 1, reinforcement savings of
44 % can be obtained when two different bar di-
ameters were used as shown in Figure 3(b), with

(@)

In Figure 4 the interaction diagrams for both tra-
ditional and optimized piers in Table 1 have been
represented. Figure 4 show that both piers have
the same capacity in pure bending. So, Table 1
and Figure 4 show that the design bending mo-
ment can be carried adequately by cross sec-
tions containing alternative reinforcing arrange-
ments such as this shown in Figure 3.b with an

the same flexural strength that the traditional
designed pier -with symmetrically arranged lon-
gitudinal reinforcement (Figure 3(a)). This reduc-
tion in weight of steel implies a reduction in both
the cost of transportation and the machinery for
erection (cranes) of the reinforcement cages.

(b)

Figure 3: Piers of retaining wall a) Initial reinforcement b) Optimized reinforcement

important saving in the use of steel reinforce-
ment and without any loss of stiffness or strength
properties. The primary advantage of those al-
ternatives being the significant economy in rein-
forcing steel, they incur great savings in terms of
embodied energy and cost as compared with the
conventional symmetrical solution (Figure 3.a).

Table 1: Longitudinal reinforcement of piles. Initial and optimized solutions pure bending

Solution Bar composition Area of steel (mm?) M, (kNem)
Initial —traditional- 20 ¢ 25 9817.5 1712
Optimization of the 6 ¢ 32 @64 mm
reinforcement +9¢10 @ 270mm 55323 1722
N (kN)
15000 | Initial reinforcement: 20 25

=
-~
e

5000 |

Optimized reinforcement:
6 J32 @ 64 mm
9 J10 @ 270mm

———

Pure bending
strength

Figure 4 — Interaction N-M diagrams
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Circular pier reinforced with embedded
I shapes

Sometime, instead of reinforcing the piles with
steel rebar, a steel I-shape is introduced in the
hole before pouring the concrete. This procedure
is more common in the case of secant pile walls,
in witch piles overlap to each other. In this case,
applying a similar procedure than in the previ-
ous case, it is possible an optimization of the
amount of steel. An important reduction of the
embedded steel cross-section can be obtained
without compromising the strength of the retain-
ing wall pile. In the optimization procedure has
been admitted that the centre of the web of the
embedded steel shape coincides with the centre
of the circle of the pier. A pier with a diameter
of 600 mm has been studied. The conventional

Initial shape:

bsi=bp=200 mm
tn=tp=16 mm
hw=468 mm
tw=10.2 mm
As=11173.6 mm?

hw=450 mm
tw—=10.2 mm

Single symmetrical I-Shape

ba=282 mm: bp=102 mm
tn=tp=14.2 mm

A=10042.8 mm?

L

design used an IPE500 embedded shape. The
design axial force is approximately zero. Steel
was S235 having a characteristic strength of 235
MPa. Concrete C-30 had a nominal compressive
strength of 30 MPa. The total area of steel initial-
ly embedded was 11173.6 mm?. Similarly to the
case of piers reinforced with cages of steel, an
optimization procedure had been implemented
to reduce the area of embedded steel in piers
subjected to pure bending conditions, i.e. when
the design axial force is approximately zero. In
this example, the thickness of the web of the
optimized embedded shapes had been fixed
equal to the corresponding value of the IPE-500
shape. In Figure 5, the optimized cross-section
steel shapes, dimensions and areas are summa-
rized.

T-Shape

be/=272 mm

t—= 182 mm
hw=410 mm
tw—=10.2 mm
A=9318.04 mm?

Figure 5: Initial (IPE 500 I-Shape) and optimized embedded steel shapes in circular piers of retaining walls.
In this figure: b, is the width of the flange, t.is the thickness of the flange, h_ is the height of the web, t_is the
thickness of the web and A_ is the area of the embedded steel cross-section

The interaction diagrams of the traditional and op-
timized piers with embedded steel are represent-
ed in Figure 6. This figure shows that the three
solutions have the same pure bending strength
while the optimized proposed solutions involve
an important reduction of the amount of steel. In
Figure 6 the steel contribution ratio & (defined in
Eurocode 4 [8]) has also been indicated.

STEEL STRUCTURES

The RSD technique can also be applied to the
proportioning of steel cross-sections [06, 07]. For
the design of a steel cross-section subjected to
combined loads N and M also an infinite number
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of solutions exist. These solutions can be graphi-
cally represented to make easier the choosing
of the most appropriate, similarly to the RSD
representation for RC sections (Figure 1). In the
optimization procedure of steel members, both
strength and buckling requirements established
in EC3 [09] were considered. The optimized pro-
cedure was applied to both compact and slender
cross section steel.

CONCLUSION

In order to reduce the CO2 emission engineers
and architects must optimize the use of materi-
als, particularly steel, making an optimal use of
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this material. Especial attention has to be paid to
the embodied energy associated with each one
of the materials, i.e. steel and concrete. It is pos-
sible to guarantee the strength of the structural

element reducing the amount of steel locating it
properly at the cross-section and introducing a
higher control level at jobsite.

Axal Load kN
Ht'\ﬁ:-"“'-..
M:':”E*mi — Initial (TPE500)
R Single symmetrical I-Shape
~~~~~~~~ T-Shape
40001
Solution A, (mm?) I
2000L Initial 11173.6 0.34
Single symmetrical I-Shape 10042.8 0.32
T-Shape 9318.04 0.30
L L Bending Moment Ldm_
—200 600
2000 ,as EmEAEr .
" Pure bending strength
Figure 6: Interaction N-M diagrams
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