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Abstract: In populated downtown areas, a floor system with secured environmental performance
is needed to reduce greenhouse gases (GHGs) and global warming problems related to buildings.
This study aims to assess environmental impacts on a novel double-beam floor system subjected to
high gravity loads. Life cycle assessment (LCA) was conducted to investigate the environmental
impacts on the reduction in construction materials by calculating global warming potential (GWP)
in the structural design phase. For different structural systems, the environmental performance
was compared based on the GWP, and the contributions of structural elements to the GWP in each
structural system were analyzed. The rotational constraints induced by the beam-end concrete
panel can significantly reduce the GWP of the double-beam floor system by up to 13.8% compared
to the conventional beam-girder system. Thus, the double-beam floor system reinforced with the
concrete panel can be a candidate for eco-friendly structural systems in underground structures
requiring high gravity loads. This result provides valuable findings that the structural effect on
the rotational constraint of the concrete panel was quantitatively evaluated by converting it into an
environmental impact.

Keywords: life cycle assessment; double-beam floor system; embodied CO2 emission; rotational
constraints; global warming potential

1. Introduction

In modern society, environmental problems such as global warming, caused by population growth
and urbanization, have emerged as important issues. The International Energy Agency (IEA) [1]
reported that as of 2018, the building sector accounted for 39% of the CO2 emissions and that CO2

emissions from buildings will increase by 2050 due to a rise in the number of new buildings constructed
to respond to a growing population. To cope with such problems, goal setting and design are an
essential step towards reducing the CO2 emissions of buildings [2–4]. Meanwhile, CO2 emissions
generated from the production of materials such as steel and cement used in constructing buildings
account for 11% of the total [5]. In response, a method for reducing CO2 emissions by decreasing
the material quantity in the structural design phase can significantly contribute to increasing the
environmental performance of buildings.

The quantity of greenhouse gases (GHGs) generated by the material quantity of buildings can be
determined in the structural design phase since approximately 71% of the embodied CO2 emission of a
building is generated from structural elements such as columns, beams, and slabs that make up the
structural system [6]. The GHGs generated from structural elements that meet the structural design
criteria are affected by the loading conditions, and significant differences may occur depending on the
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selection of the structural system even under the same loading conditions [7–9]. In downtown areas,
underground spaces of buildings are used as parking lots with a high demand for live load. Therefore,
the structural elements of these underground spaces are generally designed with a high gravity
load, including the live load. In addition, as a top-down method is used to reduce the construction
period and costs [10,11], a steel composite beam system is typically applied to the structural system in
underground structures [12]. Previous studies on these steel composite beam systems have verified
the structural performance of the connection or unit system through experiments [13–17]. Kinderis
et al. [18] showed the efficiency of steel composite beam systems in terms of cost; however, previous
studies on steel composite beam systems lack the analysis of the environmental impact assessment.

The life cycle assessment (LCA) is a well-known methodology for assessing potential environmental
impacts that can occur throughout construction phases, including the design, construction, operation,
and demolition of a building [19,20]. If the load conditions are the same, the material quantity of
structural elements that meet the design conditions will vary depending on the structural system,
and the use of the LCA makes it possible to assess the environmental impacts of a building applied
with a different structural system in the structural design phase. Zeitz et al. [21] compared embodied
CO2 emission and energy for the ground parking garage and revealed that a mass timber system
effectively reduces the global warming potential (GWP) compared to precast, steel, and reinforced
concrete (RC) systems. Caruso et al. [22] conducted an environmental impact assessment through an
LCA for a three-story residential building to which a structural system using RC, steel, and wood
is applied, and the results showed that the environmental performance of the RC structural system
was the highest. Cho et al. [23] calculated the life cycle CO2 (LCCO2) of a high-rise building with
four different structural systems applied and evaluated the efficiency of the structural system from an
environmental impact perspective. In addition, Mavrokapnidis et al. [24] calculated the embodied
CO2 emissions and energy consumption required to produce structural elements for five structural
systems applied to high-rise buildings. Most of the existing studies for evaluating the environmental
efficiency of the structural system are on high-rise buildings since they have a greater impact on the
environment than other buildings [25–27]. However, in previous research, the scope of evaluation was
limited to above-ground structures. Therefore, it is expected that the environmental impact assessment
of different structural systems applied to the underground structures of buildings will give a new
perspective to structural engineers.

This study aims to assess the potential environmental impacts of GHG emissions on a novel steel
double-beam floor system applied to underground structures. A new perspective on environmental
impact assessment is presented by expanding the evaluation scope to the underground structures of
buildings. In addition, while previous works [28,29] conducted the environmental impact assessment
depending on the whole structural system, in this study, the local structural characteristics, such as
rotational constraints of connections, are quantitatively evaluated from the environmental point of
view. The steel double-beam floor system was divided into two systems according to the presence of a
concrete panel used to reduce the moment demand of the double-beam. The beam-girder system was
set as a reference model to compare the environmental impact assessment of the steel double-beam
floor systems. In consideration of the use of the underground structures, structural analysis and design
were performed for five live load levels, and the embodied CO2 emission was derived using the LCA
of the design phase. Finally, the environmental impact was assessed by normalizing the GWP values
to the floor area.

2. Life Cycle Assessment in Design Phase

2.1. Framework and Objectives

The LCA framework is a known tool for quantifying and assessing the potential environmental
impacts of resources used during the entire life cycle of a product or a system, from the manufacturing
process to use and maintenance [30,31]. Based on ISO 14040 (International Organization for
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Standardization) [30], the LCA framework is divided into four phases; (i) goal and scope definition:
determining the goals and target of LCA, including setting the scope of data collection (i.e., system
boundary) and framework, (ii) inventory analysis: collecting input resource and output waste data
necessary to analyze the goals with respect to the target, (iii) impact assessment: analyzing and
assessing the impact on the environmental load with the collected data, and (iv) interpretation:
performing a quantitative evaluation on the environmental impact based on the impact assessment
results. The life cycle stages of a building include material manufacturing, transportation, construction,
operation, and demolition. In this study, the system boundary was limited to material manufacturing
and transportation to assess environmental impacts resulting from the material quantity reduction in
the design phase of a building.

Figure 1 shows the LCA framework for the environmental impact assessment of a steel building
in the design phase. The objective of the LCA in this study is to evaluate the embodied CO2 emissions
due to reductions in the material quantity of buildings to which the double-beam system is applied.
Since the LCA is applied to buildings that meet the design code, the question of whether or not to
satisfy the design code was set as a pre-boundary condition before the LCA. The double-beam system
was designed to reduce the material quantity of structural elements with respect to vertical loads
by installing two steel beams in one direction to decrease the moment demand. The connections
between the double-beam and girder are bolted connections, so it has the advantage of increasing
the in-situ constructability. However, when the gravity load increases, the effect on the reduction
in material quantity decreases as the moment demand of the double-beam increases. The concrete
panel installed around the column constraints the beam-end of the double-beam and play a part in
reducing the moment demand by inducing a negative moment at the ends. So, this favorable structural
characteristic has an environmental advantage of reducing the embodied CO2 emissions due to a
decrease in the moment demand even under high gravity loads. As the rotational constraints greatly
affect the structural behavior, research on their impact on environmental performance can extend
the perspective of LCA. In this regard, this study investigates the effects on the reduction in material
quantity induced by the rotational constraint of the concrete panel in the double-beam system through
LCA procedure.
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The double-beam system was divided into a double-beam system without a concrete panel (DBX)
and a double-beam system with a concrete panel (DBO). The general beam-girder (GBG) system is a
reference system for evaluating the quantity reduction in a steel building to which the double-beam
system is applied. Through a 3D frame analysis, the material quantity for steel and concrete that
meets the design conditions set as the pre-boundary conditions of the LCA was derived. Then,
the embodied CO2 emission occurring in the material manufacturing and transportation stages set as
the system boundary of the design phase was analyzed. Finally, the global warming potential (GWP)
was evaluated based on the embodied CO2 emissions for each structural system.

2.2. Environmental Impacts Analysis

The environmental impacts of buildings applied with different structural systems are assessed in
terms of embodied CO2 emissions. The life cycle carbon emissions analysis (LCCO2A) is a fundamental
tool for assessing the environmental impacts of buildings. The life cycle CO2 emissions from buildings
can be classified into embodied, operational, and demolition CO2 emissions [32]. Of these, the embodied
CO2 emission signifies the total amount of CO2 generated from the collection of resources required for
the construction of the building to the material transportation. The embodied CO2 emissions vary
depending on the material quantities required for the construction of structural elements. Therefore,
it can be said to be suitable for use in assessing the environmental impact of the structural system in
the design phase.

The embodied CO2 emissions of materials that constitute a building are calculated using Equation
(1), while the embodied CO2 emissions for each material, such as concrete or steel, are calculated
by Equation (2). The embodied CO2 emissions include carbon emission (i.e., fossil carbon emission)
generated from the material production, and carbon emission (i.e., process carbon emission) from the
chemical reactions that occur during the manufacturing process. With the use of carbon emissions
databases, the embodied CO2 emissions can be directly calculated from the material quantity of
structural elements through Equation (3). ICE-DATA v2.0 (Inventory of Carbon & Energy (ICE)
database), 0.141 kgCO2-eq/kg was used as a ρ value for the concrete material, and 1.42 kgCO2-eq/kg
for the steel material [24,33].

CO2, Embodied =
∑

i

CO2, Embodied, i (1)

CO2, Embodied,i =
∑

j

CO2, Embodied, i, j (2)

CO2, Embodied, i = ρimi (3)

where CO2, Embodied represents the embodied CO2 emission of whole building materials, CO2, Embodied, i
represents the embodied CO2 emission of the i-th building material, CO2, Embodied, i, j represents the CO2

emission during the j-th phase in the i-th building material, ρi is the carbon-equivalent emission value
for the i-th building material (kgCO2-eq/kg), and mi the mass of the i-th building material (kg).

Through the life cycle impact assessment (LCIA), carbon emission results derived from the material
quantity of buildings applied with different structural systems can be converted into environmental
impacts. The LCIA consists of four steps: classification, characterization, normalization, and weighting.
In this study, classification and characterization, the mandatory processes of the LCIA, were taken
into consideration. Classification is the process of connecting the environmental impact that a specific
emission gives; carbon emission is a factor influencing the GWP. Characterization is the process of
quantifying the environmental impact caused by a specific emission. The characterization factor is
used as a means of quantification, and the environmental impact on the GWP can be estimated through
Equation (4).

GWP = CO2, Embodied ×CF (4)

where CF is the characterization factor for the GWP (1.00 kgCO2-eq/kg from IPCC 2013 [34]).
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3. Structural Design of Novel Double-Beam Floor System

This study aims to analyze the environmental impacts of embodied CO2 emissions arising from
structural systems applied to underground structures during top-down construction. While it is
generally known that the material strengths affect embodied CO2 emissions [35], the yield strength
of steel was used into 325 MPa and the compressive strength of concrete into 27 MPa to compare
embodied CO2 emissions due to differences in structural systems. The process of determining the
moment demand for each structural element due to gravity loads is important in structural design,
and the quantity that meets the design conditions can be calculated through the process. In this chapter,
after examining the considerations and processes in structural designs according to the presence of the
beam-end concrete panel in the double-beam system, the effect on the reduction in material quantity in
structural elements is analyzed.

3.1. Description of Structural Systems

The double-beam system consists of concrete-filled steel tube (CFT) columns, steel beams,
and concrete panels, and it has a structural advantage that can reduce the cross-section of the
steel beams by installing two beams (double-beam) in one direction. The connections between
the double-beam and the main girder correspond to the beam–column connection of the general
beam-girder (GBG) system, and the bolted connections are used to enhance constructability in the
double-beam system. Figure 2 shows the outline of the steel building to which the GBG and DBO are
applied. A unit parking space for one vehicle must be secured at least 2.5 m × 5.0 m, according to the
Korean Design Standard (KDS) [36]. The dimension of the frame was determined to be 8.4 m × 10.2 m
to accommodate the parking space of six vehicles assuming the width of the column to be 0.7 m.
The GBG system is a reference system to compare the environmental impact resulting from the
reduction in the material quantity of the double-beam system. The DBX system is a case in which there
is no concrete panel in Figure 2b.
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Figure 2. System outline in a steel building: (a) general beam-girder system (GBG); (b) double-beam
system with concrete panel (unit in mm).

The double-beam system applied to the underground structures was developed to improve
constructability and reduce structural material quantities. However, preliminary research found that
as the live load increases, the effect of reduction in the structural material quantity is insignificant,
and there is almost no advantage of the material quantity reduction, especially at a high live load
of 8.0 kN/m2 or more. Therefore, by reinforcing the beam-end concrete panel to reduce the moment



Sustainability 2020, 12, 9193 6 of 18

demand and material quantity of the double-beam, the double-beam system can have environmental
competitiveness towards buildings with high gravity loads. The dead loads are summarized in Table 1,
including the slab thickness and finishing material. In general, the slab is constructed as a deck plate
during the top-down construction, but the dead load for the RC slab was calculated to evaluate the
gravity load conservatively. The live loads were classified into five categories according to ASCE
7–16 (American Society of Civil Engineers) [37], considering the usages of the underground space
summarized in Table 1. L1 is for office usage, and L2 to L4 indicate parking lot usage. In Korea, the live
load was designed to be 8.0 kN/m2 for the underground structure of the knowledge industrial center,
and the knowledge industrial center was set to H1. The frame analysis was conducted on a total of
15 models for three systems according to the five live load conditions.

Table 1. Gravity load in steel building with various live load.

Load Type Material/Occupancy Unit Load
(kN/m3) Thickness (m) Floor Load

(kN/m2)

Dead load Reinforced concrete 24 0.15 3.60
Mortar 20 0.04 0.80

Finishing 20 0.04 0.80
Total 5.20

Live load L1: Offices 2.50
L2: Passenger vehicles only 4.00

L3: Storage warehouses 6.00
H1: Knowledge industry center † 8.00

L4: Heavy vehicles 12.00
† Although not provided in ASCE 7–16 (American Society of Civil Engineers) [37], it is used as a live load for the
underground structures of the knowledge industrial center in practice.

The analysis of the load flow of each system against the gravity load under the assumption of a
one-way slab reveals that the main beam of the GBG is subjected to a concentrated load at the center
from the two sub-beams. For the GBG, the moment demand of the main beam, MG, for an arbitrary
floor load, Wf, is represented by Equation (5).

MG =
P1L

4
=

L
4

(
W f A1

)
(5)

where P1 is the concentrated load (kN) at the center of the main beam from the sub-beam, L is the
length of the main beam (8.4 m), Wf is the floor load (kN/m2) due to the gravity load, and A1 is the
tributary area of the main beam, which is ((8.4 m/2) × 10.2 m)/2 × 2EA = 42.84 m2.

On the other hand, the double-beam is subjected to a concentrated load at the center from the
sub-beam and a uniformly distributed load from the slab. The moment demand of the double-beam,
MD, for an arbitrary floor load, Wf, is calculated using Equation (6).

MD =
P2L

4
+
ω2L2

8
=

L
4

(
W f A2

)
+

L2

8

(
W f L2

)
(6)

where P2 is the concentrated load (kN) at the center of the double-beam from the sub-beam, L is the
length of the double beam (8.4 m), ω2 is the uniformly distributed load (kN/m) from the slab, A2 is the
tributary area of the double-beam for the sub-beam, which is ((8.4 m/2) × 8.2 m)/2 × 1EA = 17.22 m2,
and L2 is the half-width of the concrete panel, which is 2.0 m/2 = 1.0 m.

From Equations (5) and (6), MG and MD are calculated at MG = 90.0 Wf, and MD = 45.0 Wf = 0.5 MG,
respectively, and the moment demand of the double-beam is equivalent to half of the main beam
under the same boundary conditions. In other words, the double-beam system can realize a reduction
in material quantity compared to the GBG system under the same loading gravity load since the
cross-section of the double-beam that satisfies the flexural design can be smaller than that of the main
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beam of the GBG. In addition, the cross-section of the sub-beam can be reduced in the double-beam
system compared to the GBG system due to the decrease in the tributary area of the sub-beam.
The reduction in the moment demand in the double-beam system is possible by increasing the
rotational constraint, which can be implemented by reinforcing concrete panels at both ends of the
double-beam. In the next section, we analyzed the rotational constraint of the concrete panels and
their effect on the moment demand.

3.2. Rotational Constraint Effect on Moment Demand

The connection of the GBG system is generally designed as an idealized rigid connection. In this
case, the moment diagram of the main beam can be ideally thought to be when both ends are in
a fixed-end condition, as shown in Figure 3a. Meanwhile, for the DBX without the concrete panel,
since rotational constraint cannot be expected at both ends of the double-beam, the double-beam can be
considered to be a simple beam where the flexural moment is zero at both ends, as shown in Figure 3b.
For the DBO system reinforced with concrete panels, both ends can be considered to be in a fixed end
condition if the rotational constraint of the column zone is sufficiently large. The rotational constraint
effect induced by the concrete panel can reduce the positive moment demand of the double-beam due
to negative moments generated at both ends, together with the reduction in the effective length of the
double-beam, as shown in Figure 3c. Therefore, if sufficient rotational constraint is secured at both
ends of the double-beam, economical design can be achieved by reducing the moment demand for the
gravity load of the double-beam.
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Figure 3. Moment diagram of the main beam or double-beam subjected to one-way gravity load:
(a) general beam-girder system; (b) double-beam system without concrete panel; (c) double-beam
system with concrete panel.

In the GBG, DBX, and DBO systems, the moment demands of gravity loads were analyzed to
investigate the effects of rotational constraint on the moment demand of the double-beam. In the
GBG system, since both ends are in a fixed end condition, and a concentrated load is applied at its
center, the positive and negative moments are equal to 0.5 MG. In the DBX system, the magnitude of
the positive moment of the double-beam is 0.5 MG, which is the same as the positive and negative
moments of the main beam in the GBG system. So, the quantity of structural steel that satisfies the
design conditions is larger in the DBX system than in the GBG system since the double-beam of the
DBX system has the same moment demand as that of the main beam in the GBG system. For the DBO
system, the effective length of the double-beam (Le = L − L2 = 6.4 m) is substituted into L in Equation (6);
the moment demand of the double-beam MD2 is 32.67 Wf, which is about 36% of the moment demand
of the main beam MG in the GBG system. Therefore, by securing sufficient rotational constraints
at both ends of the double-beam with concrete panels, the moment demand of the double-beam
is significantly reduced, so that the steel quantity can be drastically decreased. In addition, as the
depth of the steel beam decreases, cost savings are realized through the floor height reduction in the
underground structures.
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3.3. Structural Modeling Considering Rotational Constraint

The rotational constraint induced by the concrete panel is a factor that significantly influences the
moment demand of the double-beam in the DBO system. Figure 4 shows the results of the quantitative
analysis of the rotational constraint of the DBO system through experiments. The stiffness ratio
(µ) defined as Equation (7) corresponding to the x-axis is the ratio of the rotational stiffness of the
connection to the flexural stiffness of the double-beam. The end-fixity factor (r) defined as Equation (8)
corresponding to the y-axis is the ratio of the fixed end moment to the negative moment generated
at the double-beam end. The stiffness ratio and end-fixity factor of a simple connection based on
ANSI/AISC 360 (American National Standards Institute/American Institute of Steel Construction) [38]
are 0.500 and 0.400, respectively. In the case of a rigid connection, the stiffness ratio and end-fixity factor
are 0.050 and 0.870, respectively. The stiffness ratio and the end-fixity factor of the DBO system are
0.032 and 0.912, respectively, so the DBO system can then be classified as a rigid connection presented
in the current code.

µ =
(EI/L)

krot
(7)

r =
M−

FEM
(8)

where µ is the connection stiffness ratio, E and I are the elastic modulus (205,000 MPa) and the moment
of inertia (m4) of the double-beam, krot is the connection rotational stiffness induced by the beam-end
concrete panel (kNm/rad), r is the end-fixity factor, M− is the negative moment at the beam-end (kNm),
and FEM is the fixed-end moment generated at the fixed-end (kNm).
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Figure 4. Normalized negative moment (end-fixity factor, r) and rotational stiffness (stiffness ratio, µ)
in double-beam system induced by a beam-end concrete panel.

The rotational constraint by the concrete panel affects the connection in both directions. Therefore,
it is more practical to model the concrete panel as a plate element in both directions rather than as a
rotational spring in the direction of a single axis. In the DBO system, the rotational stiffness of the
connection for the double-beam is krot, and it can be calculated from the stiffness ratio (µ) and the
rotational stiffness of the double-beam (EI/L) through Equation (7). The rotational stiffness Kp of the
plate element is defined as in Equation (9) based on the Kirchhoff–Love plate theory. Given that Kp
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and krot are the same, the elastic modulus Ep of the concrete panel required to model the rotational
constraint as a plate element can be calculated using Equation (10). Table 2 summarizes the elastic
modulus of the concrete panel calculated from Equation (10) for the models to which the DBO system
is applied. The moment of inertia (I) required to calculate the elastic modulus of the concrete panel can
be obtained from the cross-section of the double-beam summarized in Table 2. The cross-section of the
double-beam in each model of the DBO system was determined through frame analysis.

Kp =
Ept3

12(1− ν2)
(9)

Ep =
EI/L
µ
·

12
(
1− ν2

)
t3 (10)

where Kp is the flexural stiffness (kNm/rad), Ep is the elastic modulus of the concrete panel (MPa), t is
the thickness of the concrete panel (0.4 m), and ν is the Poisson’s ratio of concrete (0.15).

Table 2. Summary of structural elements depending on structural systems and live loads.

Model
Live Load
(kN/m2)

Cross-Section of Steel Beam
Elastic Modulus

of Concrete Panel
(Ep, MPa)Sub Beam Girder

Main Beam
or

Double-Beam

GBGL1 2.5 H-692 × 300 × 13 × 20 H-310 × 305 × 15 × 16 H-390 × 300 × 10 × 16 -
GBGL2 4 H-792 × 300 × 14 × 22 H-350 × 350 × 12 × 19 H-482 × 300 × 11 × 15 -
GBGL3 6 H-800 × 300 × 14 × 26 H-394 × 398 × 11 × 18 H-488 × 300 × 11 × 18 -
GBGH1 8 H-414 × 405 × 18 × 28 H-792 × 300 × 14 × 22 H-582 × 300 × 12 × 17 -
GBGL4 12 H-428 × 407 × 20 × 35 H-708 × 302 × 15 × 28 H-594 × 302 × 14 × 23 -

DBXL1 2.5 H-390 × 300 × 10 × 16 H-506 × 201 × 11 × 19 H-390 × 300 × 10 × 16 -
DBXL2 4 H-482 × 300 × 11 × 15 H-606 × 201 × 12 × 20 H-482 × 300 × 11 × 15 -
DBXL3 6 H-488 × 300 × 11 × 18 H-612 × 202 × 13 × 23 H-488 × 300 × 11 × 18 -
DBXH1 8 H-394 × 398 × 11 × 18 H-600 × 190 × 16 × 35 H-582 × 300 × 12 × 17 -
DBXL4 12 H-594 × 302 × 14 × 23 H-700 × 300 × 13 × 24 H-594 × 302 × 14 × 33 -

DBOL1 2.5 H-390 × 300 × 10 × 16 H-294 × 302 × 12 × 12 H-294 × 200 × 8 × 12 20,731
DBOL2 4 H-482 × 300 × 11 × 15 H-300 × 300 × 10 × 15 H-298 × 201 × 9 × 14 24,400
DBOL3 6 H-488 × 300 × 11 × 18 H-390 × 300 × 10 × 16 H-400 × 200 × 8 × 13 43,480
DBOH1 8 H-394 × 398 × 11 × 18 H-482 × 300 × 11 × 15 H-450 × 200 × 8 × 13 61,459
DBOL4 12 H-594 × 302 × 14 × 23 H-582 × 300 × 12 × 17 H-496 × 199 × 9 × 14 76,870

Frame analysis was performed using MIDAS-Gen [39], and the five live loads summarized in
Table 1 were applied to three structural systems. For example, GBGL1 refers to a model with live load
condition L1 (=2.5 kN/m2) applied to the GBG system. Figure 5 shows the standard model to which
each structural system is applied. The dimensions of the standard model are 6@8.4 m (=50.4 m) ×
4@10.2 m (40.8 m) based on the dimensions summarized in Figure 2. In Figure 5, the solid circle is a
pinned connection, and the black square represents the concrete panel. The beam–column connection
of the GBG system was modeled as a rigid connection. In the DBX system, the main girder and column
were modeled as a rigid connection, while the double-beam and main girder were modeled as a pinned
connection. In the case of the DBO system, a plate element 400 mm thick and 2.0 m wide, with Ep

values summarized in Table 2, was added to the column zone in the DBX system. A series of frame
analysis was carried out in consideration of the boundary conditions of each model for one typical floor.
The member forces were calculated, and the steel sections that satisfy the design code of ANSI/AISC
360 [38] were then summarized in Table 2. The ratio of the required strength and design strength
determined by the moment demand was set to 0.80~0.85.
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4. Results and Discussions

4.1. CO2 Emissions Based on Material Quantity from Structural Analysis

Figure 6 shows a comparison between the bending moment diagram of the structural elements
obtained from the frame analysis in each system compared with the boundary conditions. The points
marked with circles in Figure 6 represent the location of the maximum moment (i.e., moment demand)
that determine the cross-section of the structural elements, and detailed values are summarized
in Table 3. Since the magnitude of the moment demand in beam elements is an important factor
determining the cross-section of the elements, it is directly related to the steel quantity involved in the
calculation of the embodied CO2 emissions. Therefore, differences in moment demand arising from
beam elements in each system were analyzed in this study.
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Table 3. Summary of moment demand of structural elements from frame analysis.

Live Load
(kN/m2) Models

Moment Demand (kNm)

Sub Beam Main Beam or Double-Beam Girder

2.5
GBGL1 584.7 489.5 386.2

DBXL1 372.0 (−36%)
* 482.5 (−1%) 614.3 (59%)

DBOL1 372.0 (−36%) 181.2 (−63%) 230.2 (−40%)

4
GBGL2 719.7 600.5 474.3
DBXL2 457.5 (−36%) 594.3 (−1%) 755.5 (59%)
DBOL2 457.5 (−36%) 222.8 (−63%) 283.2 (−40%)

6
GBGL3 897.3 747.8 595.1
DBXL3 571.9 (−36%) 740.7 (−1%) 950.9 (59%)
DBOL3 571.9 (−36%) 278.6 (−63%) 347.1 (−42%)

8
GBGH1 1077.2 896.5 714.1
DBXH1 688.8 (−36%) 891.3 (−1%) 1135.1 (59%)
DBOH1 688.8 (−36%) 336.2 (−62%) 433.8 (−39%)

12
GBGL4 1433.3 1196.4 951.7
DBXL4 917.8 (−36%) 1188.7 (−1%) 1516.2 (59%)
DBOL4 917.8 (−36%) 447 (−63%) 539.6 (−43%)

* The percentages in parentheses are comparisons of moment demands with respect to the GBG system.
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First, in all systems, the sub-beam has the boundary condition of a simple beam subjected to a
uniformly distributed load. Since the sub-beams of the DBX system and the DBO system have the same
loading and boundary conditions, the moment demand of the sub-beam is the same in both systems,
as summarized in Table 3. In addition, the moment demand of the sub-beam in both double-beam
systems is 36% smaller than that in the GBG system due to the smaller tributary area and shorter
length of the sub-beam. In other words, the double-beam system has a structural advantage that can
reduce the material quantity of the sub-beam compared to the GBG system regardless of the presence
of concrete panels.

Second, the main beam of the GBG system and the double-beam of the DBX system are designed
as the same cross-sections as summarized in Table 2 because they have similar moment demands.
On the other hand, the beam-end constraints by the concrete panel can significantly reduce the material
quantity of the double-beam as the moment demand of the double-beam in the DBO system decreases
by 63% compared to the moment demand for the main beam of the GBG system. In relation to the
moment demand for girder, the DBX system is 59% larger than the GBG system, whereas the DBO
system is 40% smaller than the GBG system. As the concrete panel reduces the effective length of
the girder as well as the beam-end constraints of the double-beam, the moment demand of girder in
the DBO system is smaller than that of the GBG system. Therefore, the concrete panel installed at
the end of the double-beam reduces the moment demand of the double-beam and the girder in the
double-beam system, further reducing the material quantity of the two structural elements compared
to the GBG system.

Table 4 summarizes the material quantity that meets the design conditions from the cross-sectional
information of structural elements for each system. The quantity of concrete panels is included in the
DBO system. The steel quantity of the DBX system is slightly smaller than that of the GBG system
when the live load is lower than 4.0 kN/m2, but the difference in quantity between the two systems
is reversed when the live load is 6.0 kN/m2 or more. Therefore, the DBO system reinforced with
concrete panels was developed to reduce the material quantities under high gravity loads, and it can
be confirmed that the steel quantity of the DBO system is the smallest at all live load levels. This is
because the moment demand for structural elements in the DBO system is lower than that of the other
two systems, and thus the steel quantity that meets the design conditions is the smallest.

Table 4. Material quantities for construction per 1-story depending on the structural systems and
live loads.

Structural System Live Load (kN/m2)
Material Quantity (ton)

Steel Concrete

GBG

2.5 76.60 -
4.0 83.75 -
6.0 92.72 -
8.0 107.76 -
12.0 128.88 -

DBX

2.5 75.34 -
4.0 83.43 -
6.0 94.83 -
8.0 109.77 -
12.0 133.99 -

DBO

2.5 59.94 88.32
4.0 67.34 88.32
6.0 75.68 88.32
8.0 85.70 88.32
12.0 102.35 88.32
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Figure 7 shows a comparison between embodied CO2 emissions that meet the design conditions on
the live load levels for each structural system. When the live load is 6.0 kN/m2 or more, the embodied
CO2 emissions of the GBG system become lower than those of the DBX system, as shown in Figure 7.
Accordingly, as the gravity load increases, a difference in the embodied CO2 emissions between the
GBG system and the DBX system also tends to increase. The reason why the embodied CO2 emissions
of the DBX system further increase compared to that of the GBG system is that the embodied CO2

emissions associated with the double-beam greatly increase in the DBX system as the gravity load
increases. On the other hand, the DBO system exhibits lower embodied CO2 emissions compared to
the GBG system under all gravity loads, and the difference in the embodied CO2 emissions between the
two systems tends to increase as the gravity load increases. The biggest reason for a further reduction
in the embodied CO2 emissions in the DBO system than in the other two systems is that the embodied
CO2 emissions decrease in the double-beam, and the second largest contributor to the reduction is the
decrease in the embodied CO2 emissions for the girder. Therefore, it can be said that the installation of
concrete panels is effective at reducing embodied CO2 emissions associated with steel members as it
reduces the effective length of the double-beam and girders and decreases the moment demand due to
the induction of negative moment at the end of the double-beam.
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Figure 7. Comparison of the embodied CO2 emissions comprised of steel and concrete with different
structural systems and gravity loads.

4.2. Environmental Impacts Assessment

In this study, the environmental impacts of each structural system were analyzed in terms of
a GWP normalized to the floor area from the embodied CO2 emissions per floor. The operational
phase serves as a significant contributor to total CO2 emissions of buildings, but the architectural
configuration influences environmental impacts more in the operational phase than on the structural
elements [40]. Therefore, in order to compare the environmental impacts due to the application of
different structural systems, it is desirable to evaluate the GWP calculated as the quantity of the
structural elements in the structural design phase.

Figure 8 shows the GWP for each structural model according to the structural elements.
For example, when the live load is 2.5 kN/m2 (L1), the GWP of the GBGL1 is evaluated as
52.9 kgCO2-eq/m2 in the design phase. If the double-beam systems are applied under the same
design load, the DBX system reduces GWP by 0.9 kgCO2-eq/m2, and the DBO system reduces GWP
by 4.5 kgCO2-eq/m2. When the live load is lower than 4.0 kN/m2 (L2), the GWP of the DBX system
is lower than that of the GBG system. However, as the gravity load increases, the GWP of the DBX
system becomes higher than that of the GBG system, and the environmental performance of the DBX
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system is lower than that of the GBG system under high loads. On average, the GWP of the DBX
system is higher than that of the GBG system, so it can be said that the DBX system is inferior to the
GBG system in terms of environmental performance. On the other hand, the DBO system exhibits
lower GWP compared to the GBG system at all load levels, and the difference tends to increase with
increasing loads. In the DBX system, the GWP increases greatly due to an increase in the material
quantity of the double-beam. In contrast, the GWP of the double-beam in the DBO system does not
increase significantly even under high loads due to the beam-end rotational constraint induced by the
concrete panel.Sustainability 2020, 12, x FOR PEER REVIEW  15 of 19 
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Figure 8. Global warming potential for the structural elements in case study models.

The GWP results of the three structural systems under low gravity loads (6.0 kN/m2 or less) and
high gravity loads (8.0 kN/m2 or more) are represented in Figure 9. The GWP values of the GBG system
and the DBX system are similar under the low gravity load, but the GWP value of the DBX system is 3%
higher than that of the GBG system under the high gravity load. The DBX system can further decrease
the material quantity of the main girder and sub-beam compared to the GBG system, thereby reducing
the contribution of the structural elements to the GWP. However, in the DBX system, an increase in the
material quantity of the double-beam due to the increase in the gravity load is governed in the increase
in the GWP. Therefore, an increase in the material quantity of the double-beam acts as a significant
cause of deterioration of the environmental performance of the DBX system.

The DBO system exhibits 9.4% lower GWP than the GBG system under the low gravity load,
and 13.1% lower GWP than the GBG system under the high gravity load. As the gravity load increases,
the environmental performance of the DBO system is higher than that of the GBG system. It is
understood that in the DBO system, the GWP increases due to the addition of concrete panels, but the
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total GWP decreases as the addition of concrete panels results in a reduction in the GWP of the
double-beam. The DBO system is capable of enhancing the environmental caused by a decrease
in the GWP of the double-beam due to the beam-end rotational constraint while maintaining the
effect of reducing the GWP of the sub-beam and main girder in the DBX system. Therefore, the DBO
system has higher environmental performance than the existing GBG system, and the difference in the
environmental performance between them is more considerable under high gravity loads.Sustainability 2020, 12, x FOR PEER REVIEW  16 of 19 
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Figure 9. Comparison of structural element contribution to the GWP (Global Warming Potential) for
the different structural systems with the level of gravity load.

5. Conclusions

This study aims to analyze the environmental impacts of a steel double-beam floor system applied
to underground structures in the structural design phase. The steel double-beam system was divided
into DBX (i.e., without concrete panel) and DBO (i.e., with concrete panel) systems according to the
presence of concrete panels for beam-end constraint, and the GBG system was set as a reference
system to compare the environmental impacts. The live loads were classified into five categories
in consideration of the usage of underground space, and material quantities that meet the design
conditions were derived from structural analysis. In addition, the LCA methodology was used to
evaluate the environmental performance of each structural system in the design phase. The following
conclusions were derived from this study.
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1. The global warming potential (GWP) of the DBX system is similar to that of the GBG system at
low gravity loads where the live load is less than 6.0 kN/m2. However, when the live load exceeds
6.0 kN/m2, the GWP of the DBX system increases compared to the GBG system, resulting in lower
environmental performance. Although the DBX system can reduce the material quantity of girder
or sub-beam more than the GBG system, an increase in the material quantity of the double-beam
is more governed in the increase in the GWP than a reduction in the quantity of the two elements.

2. The DBO system exhibits a lower GWP than the GBG system under all gravity loads, and the
differences in GWP between the DBO and GBG systems increase by up to 13.8% as the gravity
load increases. Therefore, it can be said that the DBO system has the highest environmental
performance under high gravity loads. The analysis found that in addition to the quantity
reduction effects of the girder and sub-beam of the DBX system, the quantity reduction in the
double-beam due to the installation of concrete panels significantly contributed to reducing
the GWP.

3. The contributions of the double-beam to the GWP in the DBX system are 45.0% on average,
accounting for about half of the total GWP, while these contributions in the DBO system are
28.9% on average. The results showed that the rotational constraint effect induced by the concrete
panel significantly contributed to the reduction in GWP by decreasing the design moment of the
double-beam due to the structural advantages such as the reduction in the effective length and
the induction of the negative moment.

The steel double-beam floor system poses a disadvantage in that the environmental performance
decreases at high gravity loads. However, the addition of concrete panels makes it possible to increase
the environmental performance due to the material quantity reduction in the double-beam even under
high gravity loads. Therefore, the steel double-beam floor system reinforced with concrete panels can
be a candidate for environmentally friendly structural systems in the structural design of underground
structures, in downtown areas, requiring high gravity loads.
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