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Abstract. Green Frame is a column-beam structure formed by connecting a composite precast concrete beam with
a steel connection on the column side. Similar to steel frame construction, the green columns cover 3 stories per unit,
and generate vertical and horizontal eccentricities due to construction errors and the gravitational loads of beams. Such
eccentricities make it difficult to install the upper floor beams and adjacent frames. This problem not only results in
decreased productivity, but also in time delays and cost overrun. The objective of this study is to develop a new steel-
guide connection method for composite precast concrete (CPC) components after analysing the erection process and
structural mechanism to resolve eccentricity issues. The connection mechanism developed in this study resolves these
eccentricities and promotes efficient, accurate, and safe construction.
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Introduction
Background and purpose

Green Frame is a column-beam structure formed by con-
necting a composite precast concrete (CPC) beam with
a steel connection on the column side (Lim et al. 2012).
Numerous studies have shown Green Frame, which cou-
ples the economic efficiency of concrete with the con-
structability of steel, to be structurally stable environ-
mentally friendly, and to reduce the embodied CO, by
approximately 20~30% when compared to existing struc-
tural systems (Hong et al. 2009, 2010a, 2010b).

The critical structural work for CPC column-beam
structures fabricated by steel joints is that of lifting and
connecting (Joo et al. 2012). It was discovered onsite that
the CPC columns, covering 3 stories per unit in a man-
ner similar to steel frame construction, generate vertical
and horizontal eccentricities in the process of installation
due to the gravity loads of the heavy CPC beams and
the construction errors. Such eccentricities observed by
30~50 mm on site lead to difficulties in the installation
of upper floor beams and horizontally-adjacent frames.
In such a case, it is necessary to vertically adjust the col-
umns installed using the turn buckle or prop, which leads
to delays in the installation of CPC beams and an overall
decrease in productivity (Kim ef al. 2013). We found that
the delay time was a minimum of 30 minutes, and up to
2 hours, which would decrease productivity, followed by
the increase of construction cost. The development of a

new construction method will ensure both constructabil-
ity and productivity by resolving these problems.

Lim et al. (2012) proposed a concept which con-
siders the slope of steel sections buried in columns and
beams for the quick connection of CPC components, and
Kim et al. (2013) suggested a plan for controlling axial
eccentricity using a reinforcement plate though no struc-
tural characteristics were proposed in detail. Bang et al.
(2003) confirmed the issues regarding the method and
process of steel erection through a survey of steel struc-
tures, and suggested a beam solution involving the con-
nection details of beam; however, no specific engineering
evidence was discussed.

The purpose of this study is to develop a steel-guide
connection method (SCM) for CPC components, devel-
oped after analyzing the erection process and structural
mechanism, which resolves the above-mentioned issues.
The steel-guide connection method contains the use of
steel guide with a pair of L-shaped reinforcement plates
to connect CPC beams quickly and safety.

Process

The study is to be conducted will utilize the following
process. First, the problems generated upon installation of
the CPC components of the Green Frame are identified.
Second, a new Steel-guide Connection Method (SCM)
and erection process are proposed to resolve the result-
ing problems. Third, the structural mechanism of the pro-
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posed SCM is investigated. Fourth, the slopes of the CPC
component connection steels used in commonly designed
Green Frames are calculated to efficiently reflect the pro-
posed SCM at the engineering design stages. Finally, the
advantages of the proposed method are discussed, and
conclusions are made.

1. Preliminary study
1.1. Problem analysis

As shown in Figures 1 and 5, Green Frame is composed
of CPC columns which cover 3 stories per unit with CPC
beams installed at each floor. The steel connections of the
CPC beams are either T-type or reverse T-type, depending
on the structural design.

As in steel frame construction, the primary span of
Green Frame is determined by the construction plan, the
columns and beams are installed, and the verticality is
adjusted. The columns and beams are then installed at
the adjacent span to complete the overall structural frame.

When eccentricities of a column are generated dur-
ing the installation process, the vertical and horizontal
eccentricity demonstrated in Figure 2 occurs. Specifically,
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Fig. 2. Eccentricities of a column

an axial eccentricity occurs between the column and the
beam steels due to construction errors in the columns al-
ready installed, Figure 3. Such eccentricity is defined in
this study as horizontal eccentricity (ey,).

In addition, as shown in Figures 4 and 5, a column
axis eccentricity occurs due to the eccentricities of a col-
umn, and is defined as a vertical eccentricity (e,). The
vertical eccentricity can be a result of structural behavior,
construction error or a combination of both. It was found
onsite that the displacement of columns at the second and
third floors, as shown in Figure 5, was generated by the
gravitational load of the installed beams on the first floor.
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Fig. 5. Eccentricity caused by the gravitational load of a beam
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Though the verticality of the column fabricated with
3 stories per unit was maintained, eccentricities were still
generated by the gravitational loads of the CPC beams
after installation. Such strain may be trivial initially, but
can gradually accumulate with the installation of multiple
beams. Installation of beams at the upper floor or adjacent
spans, results in the column axis eccentricity shown in
Figure 4 (Lim et al. 2012). Readjusting the verticality of
previously-installed columns will resolve this issue; how-
ever, such additional work creates a loss of manpower
and time, and increases cost.

1.2. Literature review

The Column-Beam structure can be designed as cast-in-
place, precast concrete (PC), structural steel and CPC
structures. With the exception of cast-in-place concrete,
the remaining structures are applied with the steel con-
nection for member connection, the dry joint, as in me-
chanical rebar connection, or the mixed dry-wet joint.

The columns and beams of the PC structure tempo-
rarily fabricated via sleeve or mechanical connection are
connected by rebar and concrete, and their joint perfor-
mance is relatively weak compared to that of other struc-
tures (Seo et al. 2008). As shown in Figure 6, the steel
frame is fabricated by the reinforcement plate. Securing
the joint strength for stable stress transfer in relation to
the connection details is essential for steel connections. If
joint strength is not sufficiently considered in the design
stage, structural problems may arise in the construction
stage (Lee et al. 2011).

In contrast, the CPC columns and beams in Green
Frame are initially fabricated by the steel connection, and
the fabricated joint is filled with concrete upon slab con-
creting to form a strong, single body. Thus, Green Frame
can supplement the structural disadvantages of PC and
steel structure (Lee et al. 2011, 2012; Lim et al. 2011).

The vertical and horizontal eccentricities mentioned
above also occur in existing steel construction. To address
these issues, the constructability and productivity of steel
connections were improved as compared to existing meth-
ods (Kim et al. 2009). Figure 7 shows steel beam installa-
tion using a Y-shaped reinforcement plate. This method is
composed of a sliding bracket and steel beam, a Y-shaped
reinforcement plate, locker and a locker holder. The Y-
shaped reinforcement plate is designed to reinforce the

T

Fig. 6. An example of an existing steel connection
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Fig. 7. Y-shaped reinforcement plate for easy connection

steel web. Once the steel beam is led into the Y-shaped
reinforcement plate by a crane, it slides along the slope
via the gravitational load of the steel beam (Yang ef al.
2009). The bolting work is performed when the locker
attached to the bottom of the steel beam penetrates the
locker holder attached to the bottom of the bracket. This
connection method was developed for the quick installa-
tion of H-steel, and uses the beam-side bottom flange that
is set back to avoid interference between the Y-shaped
reinforcement plates and the bottom flange of the steel
beam during installation. Although this method improves
the productivity of the steel frame work, elaborate steel
manufacturing efforts are required to build these connec-
tions and their inclusion results in increased cost.

The use of T-type (or reverse T-type) steel connec-
tions in the beam side of the Green Frame, shown in Fig-
ure 1, eliminates interference from flanges, and results
in a simplified connection method. This method, as pro-
posed in the current study, can secure structural stabilities
and improve constructability.

2. Steel-guide connection method for CPC
components

2.1. Solution for horizontal eccentricity (e;,)

The axial eccentricity introduced in Figure 3 can be
solved by the use of L-shaped, or unequal leg angle, re-
inforcement plates with rounded corners, as shown in
Figure 8.

As introduced in Figure 6, unlike the separate rein-
forcement plates applied to the flange and web in existing
steel connections, L-shaped plates can be used to rein-
force both the flange and web simultaneously. When such
reinforcement plates are used, it is much easier to address

(1) Flange
reinforcement part
€n

{

(3) Rounded part
(2) Web

reinforcement part

Fig. 8. Reinforcement plate to solve horizontal eccentricity
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a) <) d e)

Fig. 9. Installation process of L-shaped reinforcement plate

axial eccentricity, as demonstrated in Figure 9. The role
of the shape of the reinforcement plate is follows: (1) The
flange reinforcement performs a temporary, safe receipt
of the beam’s web steel in the reinforcement plates when
an axial eccentricity of beam occurs while approaching
the beam, as shown in Figure 3. Furthermore, it supports
the weight of the beam once the beam reaches the instal-
lation location; (2) The web reinforcement acts as a guide
to axially align the column and beam steel, leading it to
the installation location along the web; (3) The rounded
corner of the reinforcement plates slide and set the beam
steel inside the reinforcement plate along the slope, due
to the gravitational load of the beam. The span between
the rounded corners covers the horizontal eccentricity
(ey)- The sliding and setting concept of this paper is de-
rived from the concept of designing compliance into the
parts, which allows them to fit together when misaligned
(Kusiak 1990).

The existing steel frame work is unstable because
the columns and beams are fabricated using separate
plates for the flange and web. However, if the reinforce-
ment plate designed in this study is applied, stability
problems can be eliminated since the flange and web re-
inforcements are formed as a single body.

2.2. Solution for vertical eccentricity (e,)

In order to solve the column eccentricity specified in Fig-
ure 5, the method of using the slope steel as shown in
Figure 10 is proposed. According to the structural design
of numerous case projects, the CPC beam in the Green
Frame was 0.35 m (width) % 0.25 m (depth) x 4.2~6.3 m
(length) in size, and in most cases had dimensions of

Column concrete

Connection steel

buried in the beam  Stirrup

Column
rebar

- Connection steel
i

== nthe column

Fig. 10. Sloped steel connection of CPC beams

0.35%0.25%5.5 m. The beam weight was typically below
1.1 tons, with a maximum weight of 1.5 tons (Joo ef al.
2012). Thus, when the connection steels of the columns
and beams are designed using the slope, the gravitational
load of the beams generates the force to push the column
along the slope, making it slide along the slope and secur-
ing the installation space (Lim et al. 2012).

2.3. Connection process of CPC beams

As described above, the use of a reinforcement plate re-
solves the axial eccentricity (e;,) between the column and
the beam steel connection, and the slope of the connec-
tion steel resolves the column axis eccentricity (e,). The
reinforcement plate designed in this study is installed
in various locations, depending on the CPC beam type
(T-type or reverse T-type). As shown in Figure 11(a), the
reinforcement plate used in the T-type is pre-installed in
the column, so that it does not interfere with the sliding of
the upper flange. As shown in Figure 11(b), the reinforce-
ment plates used in the reverse T-type are pre-installed at
both ends of a beam with reverse direction to avoid in-
terference with the sliding of the bottom flange. Because
the process of reinforcement plate installation is skipped,
these steps decrease installation time.

As mentioned above, the Green Frame steel is ei-
ther the T-type or reverse T-type, and the L-shaped rein-
forcement plate is pre-installed to the connection steel in
the column or beam side. As illustrated in Figure 9(b),
the connection steel between a column and a beam is
aligned to the same horizontal axis by the rounded corner
of the reinforcement plate. As shown in Figure 9(d), the
beam then slides via the sloped steel section and reaches
the correct position, guided by the web of reinforcement
plates. In other words, when the beam approaches to the
upper part of reinforcement plate, sliding is used for a
quick, convenient connection.

In existing steel connection, the crane wire cannot
be disconnected from the hanging beams until the compo-
nents are installed and connected by reinforcement plates
and bolts. The reinforcement plate designed in this study
performs temporary saddling without bolting, making it

b) Reverse T type

a) T type

Fig. 11. Connection process of CPC beams
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Fig. 12. Structural mechanism of connection steels

capable of supporting the beam load. Thus, since the ad-
justing and bolting times for temporary connection are
omitted in the erection process, the wire can be discon-
nected without bolting when components reach the instal-
lation location. As a result, the PC components can be
safely installed, and the time required for beam installa-
tion can be shortened.

3. Slope analysis of connection steels

The CPC beams of the Green Frame are designed in a
wide range of sizes. When the SCM developed in this
study is applied in practice, the slope of the connection
steel, depending on the gravitational load of the CPC
beams, should be determined via the engineering calcula-
tion. It is an extremely time consuming effort to calculate
the slope of connection steel for each beam size. Thus,
the slopes of the connection steels must be analyzed as
described below for an easy, quick reflection in the engi-
neering design stage.

3.1. Free-body diagram

The conditions for calculating the slope angle of the con-
nection steel are as follows. First, the slope angle (0) of a
steel should be greater than 0° and less than a right angle
(90°), as shown in Figure 13. Second, the reaction force
of the connection steel (Q,) based on the gravitational
load of the beams should be equivalent to or greater than
the axial force acting at the connection steels (Q;) which
required to restore the eccentricity (e,).

The free-body diagram shows all forces acting on a
given object (Beer et al. 2008). Therefore, Figure 12 can
be simplified to draw a free-body diagram, as shown in
Figure 13. The variables applied for the slope analysis of
connection steels are listed in Table 1.

3.2. Free-body diagram of a beam steel

The free-body diagram showing the connection of the
steel of a beam and the direction of force acting on it is

W)
\l'Connection steel at beam side

V|

N,

Connection steel at column side

B
| Ny

\,\oo
— N
Q O O \
\'n

N;

Fig. 13. Free-body diagram of connection steels
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Table 1. Variables for slope analysis of connection steels

Variables | Contents Variables | Contents
Slope angle Gravitational
0 of connection W, weight of CPC
steels beams
Reacting force Frictional
N of column Ny’ force acting at
steels connection steels
Ethbrl}lm Displacement of
N, force acting at e, CPC columns
CPC beams
. Axial force acting
i Floor height & at connection steels
Reacting f(_)rce Frictional factor of
0, of connection U
steel
steels
£ CPC columns’ ] Moment of inertia
¢ elastic modulus g of CPC column

Fig. 14. Free-body diagram of beam steel

shown in Figure 14. The component forces of the fric-
tional force acting on the beam side for the reaction force
of the column steel (N;) and the frictional force acting on
the connection steel (N;”) are shown in Figure 15. For
such a force, Eqn (1) represents the reaction force of col-
umn steel (N;), using the equation of equilibrium for the
y axis. When Eqn (1) is resolved for Ny, it will be repre-
sented as Eqn (2):

EF, =0; Nycos O+ puW, sin@—-W;, = 0; )

/4
Ny=——t—|
cos@+ usind

2

where: N, — reacting force of column steels; € — slope
angle of connection steels; x — frictional factor of steel;
W, — gravitational weight of CPC beams.

3.3. Free-body diagram of a column steel

The free-body diagram of the connection steel of a col-
umn and the direction of the forces acting on it is shown
in Figure 16. The component forces of the frictional force
acting on the column side for the reaction force of col-
umn steel (V) and the frictional force acting on the con-
nection steel (V;’) are shown in Figure 17. Eqn (3) repre-
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Fig. 17. Component forces of a frictional force acting on the
column side

sents the reaction force in the connection steels 0,, using
the equation of equilibrium for the x axis. When Eqn (3)
is resolved for O,, it will be represented as Eqn (4). When
Eqn (2) is applied to the N, of Eqn (4), it will be equiva-
lent to Eqn (5):

2F, =0; Q) + uN;cos@—N,sind = 0; 3)

0, = N,(sin@ — ucos 9); 4
sin@ — ycos

0, =, 0= pcos0) 5)

b (cos @+ usin6)’
where O, — reacting force of connection steels.

3.4. Relationship of column eccentricity and slope

The axial force caused by the gravitational load of the
beams generates eccentricity (e,) in the columns, as
shown in Figure 5. Suppose that the column bottom is
the fixed end. Eccentricity (e,) in the column, which shall
be restored by axial force acting at the connection steels
(Q,) via the beam load, is similar to the deflection of the
cantilever. Thus, when Eqn (6), an equation used to cal-
culate the deflection of the cantilever, is used to resolve
the axial force (Q)) to restore the eccentricity (e,), it will
be equivalent to Eqn (7):

O H’
e =3 . (6)
El,

0 - 3Ecl3gev
H

Based on the second constraint condition, the axial
force (Q,) required to restore the eccentricity (e,) should
be equivalent to or bigger than the axial force caused by
the gravitational load of the beams (Q,) in Eqn (5). Thus,
Eqn (8) can be represented with Eqns (5) and (7):

: (7

3E Ige, W (sin@ — ucos O)

> , (®)
H3 b (cosO+ usin 0)

where e, — displacement of CPC columns; Q; — axial
force acting at connection steels; H — floor height; £, —
CPC columns’ elastic modulus; Ig — moment of inertia of
CPC column.

The purpose is to obtain & for practical applica-
tions in various situations, yet Eqn (8) could not be re-
solved for . If a numerical simulation using a computer
is adopted, however, the approximate value of 6 can be
achieved.

3.5. Slope analysis of connection steels

The size and length of column and beam sections can
be combined in various ways depending on the project
characteristics and site conditions. The use of Eqn (8) to
calculate the approximate slope value each time is dif-
ficult onsite; therefore, the slope using the beam length
and column size frequently designed, based on the beam
with the smallest sectional size, is proposed. The vari-
ables used for calculation are shown in Table 2.

The unit weight of typical reinforced concrete is
2,400 kg/m3; however, since the connection steel is bur-
ied in the beam of the Green Frame, its unit weight is
assumed to be 2,500 kg/m?3. There is no local regulation
regarding the vertical eccentricity of columns (e,). Ac-
cording to the Japanese Architectural Standard Specifi-
cation (JASS 1 2002), the allowable eccentricity of col-
umns is £6 mm per 3 m. The displacement caused by the
gravitational load of beams is calculated using the slope-
deflection equation, based on the displacement method,
and gives a result of less than 0.001 mm, which is small
enough that it can be ignored. Therefore, the displace-
ment value for standard slope calculations is assumed to
be 6 mm. Since the displacement value is applied to both

Table 2. Applied variables

Variables Assigned Variables Assigned
values values

Floor height 29 m Compressive 26 MPa

strength

Frictional Unit weight 3

factor of steel 0.42 of beam 2,500 kg/m

Section size 0.35 m x Column siz 0.4 m x 0.4 m~

of beam 0.25 m oMM SIZE 1 6 m x 0.6 m

Length of 458 m

beam
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ends of the beams, a column axis eccentricity of up to
12 mm can be solved. Although the compressive strength
of concrete is typically high, the most commonly used
value of 26 MPa is applied with an assumed floor height
of 2,900 mm. Since this is based on the beam with the
smallest section, the beam size is taken to be 350 mm
(width) x 250 mm (depth). The slope per CPC beam size
calculated via numerical simulation using a computer is
shown in Table 3. Table 3 for the practical selection of
slope angles were presented with the beam spans and col-
umn sizes of frequently used in practices.

Table 3. Slope analysis of connection steels

Beam span
Column M 14505 5506 |65/7 758
size (mm)
400x400 50 |48 |46 | 44
450%450 60 | 58 |55 |53
500%500 69 |67 |65 |62
550%550 78 |75 |73 |71
600%600 84 |83 |81 |79

The weight of the beam increases with beam size. In
turn, the axial force (Q;) that restores the eccentricity (e,)
increases. Also, according to Eqn (5), if € increases, O,
also increases; therefore, the slope proposed in Table 3 is
the minimum value under the given conditions, and can
be applied even when the bean section increases in size.

Conclusions

In the installation process of column-beam structures
such as Green Frame, eccentricities are often caused by
the gravitational load of beams and construction errors.
Such problems lead to installation delays and decreased
productivity. We developed the Steel-guide Connection
Method for composite precast concrete components to
address these issues. The conclusions as part of the char-
acteristics of SCM was drawn as follows

First, the SCM reinforcement plate is used to restore
the axial eccentricity (e;) between column and beam. The
rounded corners of the reinforcement plates slide and set
the beam steel inside the reinforcement plate along the
slope, based on the beam’s gravitational load, covering
horizontal eccentricity (e;,). And the reinforcement plates
introduced in this paper will also be used as web stiffen-
ers after they served as sliding guide plates, saving ad-
ditional installation time.

Second, the column and beam connection steel is
then designed as a slope to restore the column axis eccen-
tricity (e,). The gravitational load of the beams generates
the force to push the column along the slope, securing the
installation space.

Third, the flange of the reinforcement plate is de-
signed to support the gravitational and construction loads
of the beams, leading to a reduction in installation time.

Finally, the slope of connection steel is suggested
depending on member size, as shown in Table 3, via anal-
ysis of the construction and the structural characteristics
of SCM. Using the slope on the table, SCM can be easily
and quickly applied at the design stage.

When the SCM proposed in this study is used for in-
stallation, one CPC beam can be installed within a minute.
When the SCM proposed in this study is used for installa-
tion, one CPC beam can be installed within 3.45 minutes
including one minute of setting time to CPC column.

In the case of a 20 story apartment building that has
1,060 beams with 53 beams per each floor, it will take
8.21 hours for the beam installation of each floor and
164.12 hours for the entire building, considering the av-
erage installation time of a steel beam by 9.29 minutes
with the existing method (Kim 2011). However, it takes
3.05 hours for each floor and 60.95 hours for the entire
building with the steel-guide connection proposed in this
study. The simulation result of the case building shows
that the proposed method is proven to be innovative in
reducing not only the time by 106.17 hours, 62.9% of the
total time of the existing method, but also the correspond-
ing cost for equipment and labor.

Further analysis is needed, related to installation
time and cost when this is applied to an entire building.
Scientific analysis of the productivity of the proposed
SCM is also recommended, and should be reflected in
the construction plan.
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