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Abstract

A new reinforced concrete (RC) structural system suitable for long-span struc-
tures was developed. The system consists of a slab, a column, double beams and
a drop panel. To investigate the structural performance of the system, four speci-
mens of 30% scale were constructed and tested. Using two experimental param-
eters, the number of longitudinal bars in the beam and drop panel, and the effect
of the parameters on the structural behaviour of the system were scrutinized. All
four specimens showed satisfactory allowable deflection of /480 as allowed in
design code of American Concrete Institute (ACI318-11). The inclusion of the
drop panel in the proposed system reduced the negative moment in the column
zone and contributed to the realization of deflection control. The proposed sys-
tem was found to be effective for the realization of long-span structures that are
also easy to build. The advantages of the proposed system in terms of economic
efficiency were revealed by cost analysis of a conventional RC system and the
proposed system. Compared with the conventional RC system, an approximately

25% cost-saving effect was achieved for the proposed system.

Keywords: reinforced concrete; long-span structure; drop panel; reduction of
deflection; negative moment; amount of rebar.

Introduction

In order to meet the recent require-
ments of the construction industry,
such as reduction in the construction
period and rationalization of construc-
tion technologies, development of ratio-
nal long-span structures is essential. In
previous research!™ it has been shown
that the development of a rational
long-span structure will be one of the
most important issues that will need
to be addressed to achieve savings in
construction costs and effective usage
of inner spaces of public facilities such
as parking lots. For the realization of a
long-span structural system, increases
in deflection with increase in member
length should be prevented appropri-
ately. Development of long-span mem-
bers (over 13 m length minimum) with
new structural malterials and state of
the art structural engineering technolo-
gies is therefore required in order to
achieve a long-span structural system.
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Several achievements have been made
in former studies towards the develop-
ment of a long-span struclural system.
Steel and prestressed concrete struc-
tures have been the allernatives to
long-span structures for a long time.
A number of structural systems for
long-span structures, such as S-SRC
bars, eco-presiressed concrete beams,
the TSC method, have been devel-
oped,® as shown in Fig. 7. The S-SRC
bar system (Fig. Ia), consisting of steel
girders and Z-shaped steel plates filled
with concrete, reduces the sectional
depth of steel girders. Eco-prestressed
concrele beam system (Fig. 1b), con-
sisting of prestressed, precast concrete
beams and steel columns, was devel-
oped to provide a system that is easy to
build and can prevent members from
cracking, The TSC (The SEN Steel
Concrete) method (Fig. I¢), which utj-
lizes U-shaped steel girders and con-
crete, was developed to improve the
weak flexural rigidity of steel girders.
In this method a T-shaped gravity load-
resisting system in which a steel girder
is filled with concrete is integrated
with a concrete slab. However, as the
structural systcms mentioned above
do have limits in terms of construction
cost and building techniques, they have
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not been aggressively applied to prac-
tical construction.

In order to develop a structural system
that is economical and easy to build,
a new structural system known as the
double-beam system (DBS) (shown in
Fig. 1d) was proposed. The system con-
sists of a slab, a column, a drop panel
and double beams. The drop panel is
formed by double reinforced concrete
(RC) beams adjacent and penetrating
to the top of the column. The general
distribution of the bending moment is
indicated in Fig. 2. Reduction of the
span length and negative moment in
the column zone can be achieved in this
system, as shown in Fig. 2. These factors
will lead to a reduction in the deflection
and help in completion of the long-span
structure. Also, effective redistribution
of the moment from the beam to the
drop panel is facilitated. To quantita-
tively study the structural performance
of the system, four RC specimens with
double reinforced concrete beams and
a drop panel were constructed and
tested on Feb. to July, 2014. This paper
will discuss the experimental results
obtained from the test of the new struc-
tural system proposed in this study. As
the proposed structural system cov-
ers the reduction in the deflection of
underground structures or the lower
portion of buildings such as parking
lots, the structural characteristics of the
specimens with regard to gravity load
will be scrutinized. The economic effi-
ciency of the system (analysis of cost)
will also be discussed by comparing
this system with the conventional RC
structural system. Other performances
such as floor vibration or fire-resistance
properties of the proposed system will
be covered in follow-up research.

Structural Performance

Design and Construction
of the Specimens

Four specimens of 30% scale were
constructed for testing. The number of
longitudinal bars in the drop panel and

Scientific Paper 1



(a)

(c)

Filled concrete

(b)

Z bar

> Steel girder

(d)

Concrete slab

“U-shaped” steel girder

Span =13 000 mm

Fig. 2: Reduction of negative moment by DBS

beams, A4 and A, were selected as the
cxperimental parameters. Figure 3 pro-
vides an illustration of the section, the
reinforcement details and the loading
set-up of a specimen. The specimens
arc made of slab, double beams, col-
umns and a drop panel zone. As can be
seen in the figure, cach specimen was
constructed using two-bay continuous
beams and a drop pancl. The length
and cross-sectional dimensions of the
becam are 5000 mm and 150 x 200 mm,
respectively. The volumetric size of the
drop panel is 1350 x 900 x 200 mm.
Beams in all specimens were designed
to fail in flexure prior to shear. Also,
they were designed such that punching
shear failure of drop panel zones dacs
not occur prior to flexural yielding.
Table I summarizes the main specifica-
tions and the experimental parameters
allocated to cach spccimen. Table 2
summarizes the mechanical properties
of the materials used in cach specimen.
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A software package for finite element
analysis was used in the design of the
standard specimen.” The A, estima-
tion used in the design of the standard
specimens (DBS 1) made it possible
for the system to resist the maximum
tensile stress in the drop panel sec-
tion, which was oblained by finite ele-
ment analysis (Fig. 3, A, = 856.0 mm?).
Higher A4 value was applied to DBS
2 and DBS 3 (A, = 1520.4 mm?) to
investigate the effect of a “stiff drop
panel” on the structural behaviour
of the proposed system. In DBS 4, in
order to consider the possibility of an
economical design, longitudinal bars
that were less than 40% of A, in DBS
1 were applied (A4 = 499.3 mm?). To
arrive at the number of longitudinal
bars in a beam, A, two longitudinal
reinforcements (2-D13) were arranged
in the tension zones of DBS 1, DBS
2 and DBS 4. For DBS 3, three lon-
gitudinal bars were arranged in the

tension zone (3-D13). These arrange-
ments result in Ay, value of 253.4 mm?
for DBS 1,2 and 4, and 380.1 mm? for
DBS 3. Hence, M /My, where My and
M, indicate the flexural strength of the
drop zone and beam, is equal to 3.33
for DBS 1, 5.19 for DBS 2, 3.68 for
DBS 3 and 2.39 for DBS 4. By com-
paring DBS 2 with DBS 1, the effect
of the stiff drop panel (with higher
Ay,) on the structural performance of
the system can be addressed. A com-
parison of DBS 3 with DBS 2 provides
an investigation into the effect of the
stiff beam (with higher A,,) on the
structural behaviour of the system.
The comparison between DBS 1 and
DBS 4 can provide information on the
effect of the flexible drop panel on the
structural behaviour of the system and
indicate the possibility of an economi-
cal design via the reduction of the A4
value in the system. The longitudinal
bars arranged in the drop panel were
anchored at 300 mm lengths into the
slab. To prevent the beam from experi-
encing shear failure, the ratio of shear
strength to the flexural strength was
maintained at approximately 2.0. This
results in a 60 mm pitch of the stirrups
in the beam.

Loading and Measurements

Figure 3d illustrates the loading set-up
for the specimens. The specimens have
pin support at both the right and left
ends and rigid support at the centre
of the column. Using a hydraulic jack,
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Fig. 3: Details and test set-up of specimen. (a) Front view; (b) plan; (c) assessment of the
amount of rebar in drop panel of DBS1; (d) loading set-up

ramp loading was provided at mid-span
of the left and right beams. The deflec-
tion values at mid-span of the beam,
adjacent to the drop panel, and at a
distance of one-fourth span from the
centre of the column were measured
using linear displacement transducers,
as shown in the figure. The strain of the

longitudinal bars and web reinforce-
ments in the beams and the drop panel
were measured using the strain gauges
attached to each reinforcement. The
load, deflection and strain were con-
secutively monitored and recorded.
Crack patterns were first observed at
primary cracking, A .. After that, crack

patterns were observed at the deflec-
tion corresponding to the primary
yielding of the longitudinal bar, A,, and
at deflections corresponding to 24,
4A, and 6A,. The test was terminated
when the load-carrying capacity of the
specimen dropped below 85% of the
peak load.

Load-Deflection Relationship

The load—deflection relationships, V-A,
of each specimen are plotted in Fig. 4.
Horizontal and vertical axes represent
the deflection and the load, respec-
tively. Enlarged load—-dellection curves
until A =6 mm are also indicated in the
figure. The deflection in the ligure, A,
represents the deflection at mid-span
of a beam in which the tensile strain
of the longitudinal bar first reached
its yield strain. The symbols in Fig. 4,
solid circles, open triangles, solid trian-
gles and solid rectangles, indicate the
points of initiation of flexural cracking,
service load (SL), primary yielding of
longitudinal bar in beam and maxi-
mum load-carrying capacity of the
specimen, respectively. Table 3 sum-
marizes the experimental results, giv-
ing the values of A, V,, A, V, A, and
V. for each specimen. The notations
A and V; in the table represent the
deflection and the load-carrying capac-
ity of specimens at SL corresponding
to tensile stress in longitudinal bars of
0.6/, where f, is the yield strength of
the longitudinal bar in the beam. Also,
A, and Vy in the table indicate the
deflection and load-carrying capacity
of the specimen at primary yielding of
the longitudinal bar in the beam, while
Ay, and V, represent the deflection and
maximum load at the ultimate state.

Primary flexural cracks were initiated
at approximately 60 kN in all speci-
mens. In DBS 1, flexural yielding was
observed at a deflection of 4.16 mm,
corresponding to 160.5 kN. In DBS 2,
load and deflection corresponding to
Ay and V, were 3.98 mm and 161.0 kN,
respectively. Also, it should be noted
that DBS 1 and DBS 2 reached their
ultimate states at A, = 295.5 and 275.5

Specimens Specifications Experimental parameters
Beam Drop panel Beam Drop panel
b(mm) | h(mm) | d(mm) | b(mm) | A(mm) | d(mm) A, (mm?) A,y (mm?)
DBS 1 150 200 160 1350 200 160 253.4 (2-D13) 856.0 (D10@100mm)
DBS 2 1520.4 (D13@100mm)
DBS 3 380.1 (3-D13) 15204 (D13@100mm)
DBS 4 253.4 (2-D13) 499.3 (D10@150mm)

Table 1: Main specifications and experimental parameters
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Concrete* Reinforcement
D10 D13
[ (MPa) E_ (GPa) Jy (MPa) Ju (MPa) E; (GPa) Jy (MPa) Ju (MPa) E, (GPa)
DBS1 299 26.2 3733 517.0 191.7 364.6 523.6 191.0
DBS2
DBS 3
DBS 4 36.0 22.5 3532 536.6 190.0 385.3 601.1 1883

*Compressive strength tests of conerete were conducted using cylinder specimens.

Table 2: Mechanical properties of materials used in this study
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Fig. 4: Load-deflection relationships

Deflection (mm)

At service load At yielding of reinforcement | At ultimate state (failure)
Ay (mm) | ¥, (kN) | A, (mm) V, (kN) A, (mm) Vi (kN)
DBS 1 1.90 | 108.0 4.16 160.5 143.6 295.5
DBS 2 1.85 107.0 3.98 161.0 64.6 275.5
DBS 3 2.60 | 155.5 5.15 232.5 39.3 353.5
DBS 4 2.33 1155 4.65 170.5 115.2 325.0

Table 3: Summary of experimental results

mm and DBS 1 was shown to be more
ductile than DBS 2 in terms of the
deformation capacity of the specimens.
In DBS 3, A, of 39.3 mm and V, of
353.5 kN were observed. This indicates
that the ultimate deformation capacity
of DBS 3 was poorer than that of DBS
1, while the ultimate strength of DBS
3 was approximately 50 kN larger than
that of DBS 1. As shown in Fig. 4 and
in Table 3, because the 6A, values of all
specimens were in a range of approgi-
mately 23.9 to 27.9 mm, it can be seen
that all specimens maintained their
capacity until A = 6A,. In summary,
an increase in A4 led to a decrease in
the deformation capacity of the speci-
men. However, the observation that
the A, value of DBS 3 is also much
greater than 6A, reveals that DBS 3
also behaved in a ductile manner. DBS
4 behaved in a manner similar to that
of DBS 1 (A, = 4.65 mm, V, = 170.5
kN, A, =115.2 mm and V = 325.0 kN).
From the above observations, it can be
concluded that all specimens exhibited
a ductile manner, and the value of A,y
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adopted in the design of the specimens
was appropriate.

Crack Patterns

Figure 5 illustrates the crack paltern
of each specimen at the termination
of the test. Primary flexural cracks
were initiated at the mid-span of the
beams in all specimens (dashed line in
the figure). With the increasing of the
load. the cracks propagated towards
the compression fibres of the beams.
Inclined cracks were also initiated.
The majority of cracks were initiated
rapidly after the yielding of the longi-
tudinal bar. Ultimately, DBS 1 failed
due Lo the crushing of concrete in the
mid-span of the beam (hatched por-
tion in Fig. 5a) after the propagation
of the cracks. The cracks adjacent to
the column zone then propagated in
the longitudinal and transverse forms.
In DBS 2 and DBS 3, cracks occurred
adjacent to the side section of the
drop panel and then propagated and
opened at failure (alternative long
and short dashed lines in Fig. 5b

and ¢). This shows that the stiff drop
panel with high A,, influences the
deterioration of the Tload-carrying
capacity of the system due to the
excessive opening of cracks adjacent
to the side section of the drop panel.
Therefore, A4 is an important factor
in determining the failure behaviour
of the proposed system. Further, it
should be noted that the cracks that
were initiated adjacent to the side
section of the drop panel (section
line A—-A in Fig. 5) tended to propa-
gate towards the end of the rebar
anchored to the slab (section line B-B
in Fig. 5). Therefore, it can be seen
that the effect of the anchorage length
of the rebar on the crack propagation
is significant and the selection of the
anchorage length of the rebar in the
drop panel is an important factor
affecting the structural behaviour of
DBS. In DBS 4, no prominent open-
ing of cracks developed in the drop
panel or the beam. In the design of the
specimens, punching shear failure was
prevented by considering the punch-
ing shear strength of the slab adja-
cent to the column zone, which was
larger than the flexural strength cor-
responding to the yielding of the lon-
gitudinal reinforcement in the beam.
As expected, no specimen failed in
punching shear, while some cracks
due to punching shear were observed
until the reinforcement that crossed
the critical punching shear section of
the drop panel yielded

Deflections
Deflections at Service Load

Deflection is the most important factor
indicating the structural performance
of DBS in the gravity load resisting sys-
tem. In order to study the applicability
of DBS from the serviceability view-
point, deflection at SL will be discussed
in this section. Figure 6 plots the rela-
tionship between the number of longi-
tudinal bars and the deflection: (a) at
SL; (b) at yielding of the longitudinal
bar in the beam; and (c) at ultimate

Structural Engineering International Nr. 2/2016



state. Vertical and horizontal axes in
Fig. 6a, b and ¢ represent the deflec-
tion at the SL, A, and the number of
longitudinal bars: (a) in the beam, A ;
(b) and (c) in the drop panel, A 4. The
allowable deflection proposed in ACI
318-11 (//480, where [is the span length
of a beam) is also plotted in the fig-
ure.!” The symbols, solid circles, trian-
gles, squares and rhombuses, indicate
the deflection at SL for DBS 1, DBS 2,
DBS 3 and DBS 4, respectively. Also,
the dashed line connecting DBS 2 and
DBS 3, which have the same amount
of rebar in the drop panel, A,y = 1520.4
mm?, is indicated in Fig. 6a. The deflec-
tion at SL, A, in DBS 3 was perceived
to be the greatest while the values of

(a) 3

A;in DBS 1 and DBS 2 were found to
be the smallest. As can be seen in the
figure. the largest deflection at SL was
measured for DBS 3, while the small-
est deflections were attained for DBS
1 and DBS 2. A comparison between
DBS 2 and DBS 3 provides the conclu-
sion that A, influences the deflection
at SL only slightly (the difference of A,
for DBS 2 and DBS 3 is less than 1.0
mm). It should be noted that the mea-
sured deflections at SL in all specimens
were smaller than the allowable deflec-
tion, Ayow = 3.75 mm. This means that
the structural system proposed in this
study is satisfactory for the require-
ment of allowable deflection, /480,
where / is the span length.

Deflection at Yielding of Longitudinal
Bar in Beam and at Ultimate State

Figure 6b and c¢ plots the relation-
ship between the number of longitu-
dinal bars in the drop panel, A4, and
the deflection at the mid-span of the
beam for each specimen at A, and at
A,. As shown in Fig. 6b, an increase in
Ay resulted in a decrease of Ay. On the
other hand, no correlation between
A,y and A, was obtained, as shown in
Fig. 6¢. This is because the effective
stress redistribution is caused by the
value of A,y in the drop panel until
the longitudinal bar in the drop panel
yields. Once the reinforcement in the
beam vyiclds, the contribution of the

M-I

Steel bar in drop panel +—

S Anchorage length

o

L ER R A

{

]

TIPS :
Q”ﬂ"ffzi b ]
TR S A PARAC L R EY . 35 00, (Ol
(c) B . (d)
]

AT

BA AB

Fig. 5: Crack patterns (a) DBS I; (b) DBS 2; (c) DBS 3; (d) DBS 4
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drop panel to the external load rapidly
increases and the tensile stress of the
reinforcement in the drop panel also
reaches its yield strength. This results
in the release of stress concentration in
the drop panel and uniform distribu-
tion of the stress along the drop panel
to the beam. Therefore, A,y and A
hardly affect the deflection at the ulti-
male state.

Figure 7 plots the distribution of the
measured deflection in each speci-
men. Horizontal and vertical axes in
the figure show the location at which
the deflections were measured and the
measured deflections, respectively.
Straight bold lines in the figure indi-
cate the deflection at SL and at A, A
dashed bold line indicates the deflec-
tion at 2A,. Straight and dashed lines
in the figure represent the deflections
corresponding to 4A, and 6A,. As can
be seen in Fig. 7, the deflections at the
mid-span of the beams, correspond-
ing to locations at 900 and 3600 mm
along the horizontal axis, increased
rapidly after A,. The deflection at the
critical side section of the drop panel
(locations at 1800 and 2700 mm) also
increased in a manner similar to that
of the deflection at locations at 900
and 3600 mm. No difference in deflec-
tion at the drop panel (locations at
1800-2700 mm in Fig. 7) was observed
for any of the specimens.

Deflection in the Drop Panel after
Yielding of Longitudinal Bar

In order to quantitatively investigate
how the deflections in the drop panel

behave after Ay, a deflection ratio, Ayg/
Ang, wWas used in this study. The ratio,
Aga/Apg, 15 defined as the ratio of the
mean deflection at both the side sec-
tions of drop panel, Ay, to the deflec-
tion at the mid-span of the drop panel,
Ang. Figure 8 shows the plots of A/
Amg versus each deflection after A,
for each specimen. In the figure, My/
M, for each specimen is also indicated.
As can be seen in the figure, Ay/ALg
of a spccimen with higher M,/M,, for
instance DBS 2 (My/M,, = 5.19), was
smallcr than that of other specimens.
This shows that the drop panel in DBS
2 behaved in a stiff manncr due to
its large number of longitudinal bars.
Therefore, in order to achieve cnough
energy dissipation and good deforma-
tion performance, the drop panel needs
to deform in an inverted U-shape and
a design considering the appropriate
value of My/M,, is required.

Reduction of Negative Moment

In DBS, placement of the drop panel
at the top of the column can provide
the reduction in the deflection of
the beam by reduction of the nega-
tive moment in the column zone and
redistribution of the moment from
the mid-span of the beam (o the drop
panel zone. The reduction of the nega-
tive moment and redistribution of the
moment in DBS can be observed from
the strain distributions of the longitu-
dinal reinforcements. Figure 9 shows
the distribution of the strain in the lon-
gitudinal reinforcements. Vertical and
horizontal axes in the figure represent

respectively the measured strain in
the longitudinal bar and the location
at which the strains were obtained. In
the figure, yicld lines for the reinforce-
ments in the beam are also indicated.
Similar to the case shown in Fig. 7, the
straight bold lines are data correspond-
ing to the SL and A,. The dashed bold
line indicates data for 2A,. Straight and
dashed lines represent the data at 44,
and 6Ay, respectively. Therelore, posi-
tive strain in the figure indicates that
the specimen behaved as U-shaped.
As can be seen in Fig. 9, the maximum
tensile strains were observed at the
mid-spans of the beams (locations at
900 and 3600 mm) of all specimens.
Strains in the drop panel zone (loca-
tions at 1800, 2250 and 2700 mm in
Fig. 9) were found to remain close
to zero until 2A,. It can be seen that
the negative moment in the column
zone was reduced ellectively due to
the presence of the drop panel. Also,
somewhat compressive strains were
measured in the mid-spans of the drop
panel zones of DBS 2 and DBS 3, indi-
cating that the drop panel deformed
in an inverted U-shaped lashion. On
the other hand, tensile strains were
observed in the drop panel zones in
DBS 2 and DBS 4 with lower A 4, show-
ing that the drop panel deformed in a
U-shaped fashion. A column beneath
the drop panel might not be effective
at constraining the inverted U-shaped
deformation of the drop panel in the
case of a stiff drop panel, as shown in
Fig. 9 (DBS 2 and DBS 3), because the
flexural rigidity of the drop panel with

0
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Fig. 7: Distribution of deflection of each specimen (a) DBS I, (b) DBS 2; (¢c) DBS 3; (d) DBS 4
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higher A4 is relatively greater than
the axial rigidity of the column. This
results in a double U-shaped defor-
mation of the structure (DBS 2 and
DBS 3). However, if a drop panel with
a small number of longitudinal bars
deforms in a flexible manner, a column
beneath the drop panel might signifi-
cantly constrain the inverted U-shaped
deformation, because the axial rigidity
of the column is relatively greater than
the flexural rigidity of the drop panel.
This results in a triple U-shaped defor-
mation of the structure, as illustrated
in Fig. 9 (DBS 1 and DBS 4).

Deccereased deflection at the mid-span
of the beam after yielding (A,) was
also observed. Tt can be scen that the
moment initiated at the mid-span of
the beam shifted to the drop panel
zone and the stress was evenly dis-
tributed in the proposed system until
6A,. In particular, the facts that DBS
4 behaved in a ductile manner (Fig. 4)

0 e o F—

DBS1

Deflection (mm)

[ et it i, el bt ) ko kel b e i it e ol

and that redistribution of moment
happened after the yielding in DBS 4
show that local concentration of stress
did not occur in DBS 4. Also, it can be
seen that an Ay of less than 40% of
the number of steel bars in DBS 1 will
be effective for the design of the pro-
posed system. This facilitates the com-
pletion of DBS in terms of economic
cfficiencies.

Analysis of Economical
Efficiency

Case Studies Incorporating DBS
in Practice

The proposed DBS system provides
economic efficiency as well as struc-
tural excellence. In this section, the
economic efficiency of DBS will be
scrutinized by introducing a case study
incorporating DBS. DBS has been
applied to structural systems of vari-
ous types of buildings such as factories,

family houses, hospitals, offices, park-
ing lots, churches and apartments. As
arepresentative case study incorporat-
ing DBS, the Y hospital building and
S office building are introduced in this
study. The Y hospital building is cur-
rently under construction in Gyeonggi,
Korea. The building involves 13 above-
ground and four below-ground floors.
DBS was applied to the four below-
ground floors for the parking lots of
the hospital building. The floor area
at each level is approximately 104 161
m?. The RC slab has a thickness of 180
mm. The S office building is located in
Daejeon, Korea, The building involve
9 above-ground and 6 below-ground
floors. DBS was applied to parking lots
in below-ground floors.

Cost Analysis

The material cost calculated in the
structural design of the hospital build-
ing was comparcd with the cost of the
building if it had been constructed
using a conventional RC system. The
structural design, using an ultimate-
strength design approach that pro-
vided for the structural performance
of cach system, met ACI-11 code
requirements'’. Figure 10 shows Plans
A (RC system) and B (DBS) obtained
for the structural design of the first
basement of the hospital building. In
the figure, the plan view of the first
basement and the predicted specifica-
tions of the section size of the repre-
sentative members in a typical unit are
also indicated. The design approach
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! | :
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Fig. 9: Distribution of tensile strain in longitudinal bar
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Materials RC system DBS
Girders Slab Double beams Slab Drop panels

Quantity | Cost” | Quantity | Cost” | Quantity | Cost” | Quantity | Cost” | Quantity | Cost"
Reinforcement (t) 7.5 8250 2.1 2277 2.6 2860 1.4 1540 1.2 1320
Concrete (m*) 26.9 1883 37.2 2604 13.2 924 322 2254 19.0 1330
Formwork (m?) 1129 3161 206.6 5785 78.4 2195 179.6 5029 27.0 756
Temporary prop (m?) - 206.6 826 - - 179.6 718 27.0 108
Sum (won) 13 254 11 452 5979 9541 3514

Total: 24 786 000 won = $22 627.4 Total: 19 034 000 won = $17 376.3

#1000 won = $0.91 (as of 17 November 2014).

Table 4: Quantity comparisons between RC system and DRES for a typical unit
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Slab : THK 180
Girder : b x D =800 x 1000
Beam : h x D =400 x 900

Column : b x D =800 x 1300

== —]

180}

1000

R |
900

-

400 800
By B

Beam Girder

E Plan B l

Slab: THK 180
Drop : THK 700
Beam : b x =400 x 700

Column : b x D =800 x 1300

ISUi‘

400
ot

Beam

Fig. 10: Comparison of predicted material cost between RC system and DBS (Units: mm)

Bllildil'lgs MCRC MCDBS (MCRC s MC[)BS)MCRC (0/0)
Y hospital building $22 6274 $17376.3 23.2
S office building $2 4459704 | $1765211.8 27.8

Table 5: Material cost comparisons between two incorporated case studies

provided the conventional RC system
with girders and beam sections of 800
mm x 1000 mm and 400 mm x 900 mm,
and column scctions of 800 mm x 1300
mm. For DBS, beam section of 400 mm
x 700 mm and column section of 800
mm x 1100 mm werc provided by the
design approach. Table 4 summarizes
the parameters used to compare the
RC system and DBS for a typical unit.
As can be seen in the table, reinforce-
ment weights of the RC system and
DBSare9.6(7.5+2.1)and5.2(2.6+1.4
+ 1.2), respectively. For the quantities
of concrete, concrete volume of each
systcm was 64.1 m3 (26.9 + 47.2) for
the RC system and 64.4 m3 (13.2 + 32.2
+19.0) for DBS, respectively. Required
forms for the RC system and for DBS
are 319.5 m? (112.9 + 206.6) and 285
m?* (78.4 + 179.6 + 27.0), respectively.
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For the supporting posts in the RC sys-
tem and in DBS, 206.6 m? is required.
In summary, reinforcement weights in
DBS are reduced by approximately
54%. Concrete and forms required
in DBS are greater by approximately
100.6% and reduced by 89%, respec-
tively. Quantity of supporting posts
required in DBS is the same as that in
the RC system. In total, a cost saving of
approximately 23% is achieved for the
Y hospital building by adopting DBS
instead of the conventional RC system.

In the same manner, cost analysis was
carried out for the other incorporated
casc study. Tuble 5 provides a material
cost comparison for each incorporated
case, including that of the Y hospital
building. MCg ¢ and MCppgs in the table
indicate respectively the material cost
of the RC system and the DBS, In the

table, cost savings, (MCrc — MCpgg)/
MCpg, arc also indicated. As shown in
the table, cost savings of approximately
23.2%-27.8% can be achicved when
DBS is applied to each building as the
structural system. It can be concluded
that DBS provides an approximately
25% cost-saving effect compared with
the conventional RC system.

Conclusions

A new RC structural system suitable
for long-span structures was developed.
The system consists of a slab, a col-
umn, double beams and a drop pancl.
The drop panel is formed by adjacent
double reinforced concrete beams pen-
etrating to the top of the column in a
#-shape. To investigate the structural
performance of the system, four speci-
mens of 30% scale were constructed
and tested. In the test using two experi-
mental parameters, the number of lon-
gitudinal bars in the beams and drop
panels and the effects of the param-
eters on the structural behaviour of
the system were scrutinized. All speci-
mens were satisfactory in terms of the
allowable deflection, /480, as allowed
in ACI 318-11. The drop panels of the
proposcd system reduced the negative
moment in the column zone and con-
tributed to effective deflection control.
The system can lead to realization of
long-span structurcs that arc casy to
build. Also, in the cost analysis compar-
ing the conventional RC systcm with
the proposed system, the advantages of
the proposed systcm in terms of eco-
nomic efficiency were confirmed. An
approximatcly 25% cost-saving cffect
for the proposed system was attained.

Nomenclature

Number of longitudinal bars
in beam

Number of longitudinal bars
in drop panel

Arh

Ard
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b Sectional width of beam or
drop panel

d Effective sectional depth of
beam or drop panel

E. Young’s modulus of concrete

E, Elastic modulus of
reinforcement

fe Compressive  strength  of
concrete

5 Yield strength of
reinforcement

Ju Tensile strength of
reinforcement

h Overall section depth of beam
or drop panel

{ Span length

Flexural strength of beam
MCpgs Evaluated material cost of DBS

MCgre Evaluated material cost of
reinforced concrete system

My Flexural strength of drop
panel

SL Service load

1’4 Gravity load

Ve Gravity load at service load

V. Gravity load at yielding of lon-
gitudinal bar

Vi Gravity load at ultimate state
A Deflection at mid-span ol beam
A, Deflection at mid-span of

beam corresponding to pri-
mary cracking

And Deflection at mid-span of drop
panel

A Deflection at mid-span of beam
corresponding to service load

Ay Deflection at side section of
drop panel

Ay Deflection at mid-span of
beam corresponding to yield-
ing of longitudinal bar in beam

Ay Deflection at mid-span of
beam corresponding to ulti-
mafe state
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