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INTRODUCTION

Abstract—The demand for free-form buildings has increased. Yet, it has several issues,
including the increased cost and duration and decreased constructability, owing to
difficulties in producing and installing members of the building surface. To solve these
problems, a technology to produce FCP using a CNC machine was developed. The
technology delivers the free-form building information to the CNC machine and creates
PCM shapes by delivering information. Such PCM acts as a mold to produce FCP. The
efficiency of FCP production installation is critical in applying this technology since the
construction site, duration, and project costs are limited. Thus, the purpose of this study is
on four cases of production-installation simulation for Free-Form Concrete Panels. The
factors that influence FCP production installation are analyzed, and four simulation models
are proposed using the equation to estimate the time required for FCP production
installation. The factor that has the biggest influence on FCP production-installation can be
identified through simulations, which is likely to reduce the construction duration when
the technology is adopted on-site. Further simulations considering the construction
duration and cost and quality are needed, and such should be verified through technology
application on-site.

© 2016 TAF Publishing. All rights reserved.

produce FCP [5], [6], [7], [8]. Efficiency of FCP production-
installation is critical in applying this technology since the

The demand for free-form buildings has increased, yet
there are several problems, including the increased cost
and construction duration and decreased constructability
at the construction phase upon building free-form
structures and buildings [1], [2], [3] and [4]. To solve these
problems, a technology to produce FCP using a CNC
(Computerized Numeric Control) machine is developed.
The technology is delivering the free-form building
information to the CNC machine and creating PCM shapes
by the delivered information. Such PCM acts as a mold to
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construction site, duration and project costs are limited
[9]. Since the construction schedule is directly linked to the
cost, unnecessary processes in producing FCP should be
eliminated and CP(Critical Path) should be minimized to
reduce the duration. Thus, the purpose of this study is on
four cases of production-installation simulation for Free-
Form Concrete Panels.

IL PRELIMINARY STUDY
Studies related to free-form concrete production

technologies include the study conducted by [10] and
Lindsey and Digital [11], in which a CNC machine is used to
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produce EPS-formwork [10]-[11], and [12] used digital
molds created by the CNC machine and acryl glass to
produce free-form concrete [12]. [13] used wood to
produce molds with a CNC machine and proceeded with a
study on the technology to produce free-form concrete
members [13]. CRAFT(2013) studied the construction
process, robot automation, new materials and computer
design for automation of free-form concrete pouring, as
well as conducted a study on machine development and
application for construction automation [14]. [15]
researched on 3D printing to produce free-form concrete
members. However, the studies mentioned above merely
introduce the production of free-form concrete, not
considering the construction duration and constructability.
Therefore, a study to estimate the production-installation
time for efficient application of FCP produced under the
limited site conditions is required [15].
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For FCP production, firstly, there is a free-form building
design, FCP data are extracted, a form is manufactured
using a CNC machine, and then FCP is produced and
installed [5]-[6]-[9]- [8].

Prior to conducting a study on estimating the duration,
the influence factors on FCP production-installation in
consideration of the process efficiency are as analyzed in
Figure 1. Taking into account of the FCP production-
installation process for analyses of influence factors, the
steps are divided into PCM mold production, FCP
production and FCP installation. The influence factors
significant in determining the CP of FCP production-
installation include the number of CNC machines, PCM
cooling time, FCP pouring method, FCP curing and the
number of crews (1 crane and the number of workers for
FCP installation). This is shown in Fig. 1.
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Fig. 1. Analysis of influence factors for FCP production-installation

II1. PRODUCTION-INSTALLATION
SIMULATION OF FCP
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installation is divided into PCM production by CNC
Machine, PCM Finishing, Concrete Casting, FCP Curing
and FCP Installing. CP is determined by the time required

J. Lim, L. Yue, Y. Na, S. Kim — Four cases of ...

for installation and curing. Fig. 2 represents the case in curing time is CP.
which the installation time is CP and Fig. 3 where the
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curing time is CP. CP is determined by the time required
for installation and curing. Fig. 2 represents the case in
which the installation time is CP and Fig. 3 where the

TABLE 1.
PROCESS OF SCHEDULE ESTIMATION [5]
Work Type Number Work Type Schedule Estimation
(Ai-j) Required Remark
(ti-})
Ai-1 PCM production by CNC 25 - n:sequential mold
Machine number
Ai-2 PCM Finishing 5 -1day=8hr
Ai-3 Concrete Casting 30
Ai-4 FCP Curing 480
Ai-5 FCP Installing 60

Figure 2. FCP production-installation Plan A.
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Fig. 3. FCP production-installation Plan B.
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The time required for installation and that for curing
are separated as CP is determined by the installation and
curing time, and the equation for estimating the time for
FCP production-installation is drawn. When the
installation time is CP, it is as shown in Equation (1) and
when the curing time is CP, it is as in Equation (2).

i) FCP production-installation plan A,

TFCP = [{(ti-1 + ti-2) x NCNC work} + ti-3 + ti-4] + ti-5 x
{(NFCP-total/Ncrew) (1)

ii) FCP production-installation plan B,

J. Adv. Tec. Eng. Res. 25

TFCP=[{(ti-1 + ti-2) x NCNC work} + ti-3 + ti-4] + (ti-3 + ti-
4)
x {NFCP-total/(NCNC machine x NCNC work)}+ ti-5 x
(NFCP-remainder/ Ncrew)
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Figure 5. FCP production-installation plan utilizing 5 unit of CNC machine(Case 4)
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Prior to proposing FCP simulation models, several
assumptions are made. It is assumed that the quality of

FCP is met without considering the area of all processes.
1day indicates 8 hours, the total building surface area for
producing FCP is 3,000 m, FCP is 2x2m in average.
Simulation models are presented for 750 members
produced by applying simultaneous pouring and taking
into account of cost.

4 cases of FCP production-installation schedule

estimation simulation are as illustrated in Fig. 4. Case 1 is 2
CNC machines, 3 times of CNC machine work (in other
words, 6 FCPs in 1 simultaneous pouring, 125 times of
simultaneous pouring), 1 crew and the result of 134 days.
Case 2 is 4 CNC machines, 4 times of CNC machine work (in
other words, 16 FCPs in 1 simultaneous pouring, 47 times
of simultaneous pouring), 1 crew and the result of 52 days.
Case 3 is 4 CNC machines, 4 times of CNC machine work (in
other words, 16FCPs in 1 simultaneous pouring and 47
times of simultaneous pouring), 4 crews and the result of
51 days. Case 4 is 5 CNC machines, 4 times of CNC machine
work (in other words, 20 FCPs in 1 simultaneous pouring,
38 times of simultaneous pouring), 3 crews and the result
of 41 days.
As shown in Fig. 5, Case 4 has the shortest duration for FCP
production-installation, which is 42 days. CNC 1-5
represent respective processes in which one unit of
equipment produces and installs FCP. When compared to
the free-form roof work of Q National Museum (area:
3,000m), there is a reduced duration of around 58%.

IV. CONCLUSION

The study identified the influence factors on FCP
production-installation using only PCM and conducted
simulations to estimate the duration (schedule) to produce
4 different models. Among those models, a prospective
model is chosen for in-situ production. The following
conclusion was made from this study.

The number of CNC machines and the number of CNC
machine work determine the number of FCPs in 1
simultaneous pouring, and the number of FCPs in 1
simultaneous pouring has an effect on the FCP production-
installation time.

The number of crews impacts the FCP installation time
and changes the CP of FCP production-installation. Thus, it
is an important influence factor in estimating the schedule.

According to the simulation, the duration for
construction reduced around 58% compared to the free-
form roof work of Q National Museum (area: 3,000 ).
Further studies should consider loading spaces as the
construction area is not considered herein. In addition,
simulations that take into account of not only the duration,
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but also cost and quality are needed, and such should be
verified on site.
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