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ABSTRACT

The construction market of super-high-rise buildings and long-span bridges has recognized unprecedented expansion
owing to the development of high performance and high strength materials and the advances achieved in the design and
construction technologies. In parallel to the lengthening and enlargement in scale of the structures, securing quality
control technology of concrete while reducing the construction duration using improved construction methods emerges
as a critical problem for concrete structures. In the erection of concrete pylons, slip forming represents the latest method
offering the advantage of reducing drastically the construction duration compared to other methods by adopting auto-
mated slip-up of the forms and enabling 24-hour continuous placing. This study determines the slip-up time of the slip
form by evaluating the early strength through the surface wave velocity and develops lightweight GFRP form in order
to secure the quality of concrete during the slip form erection of pylons. A slip form system is fabricated and mockup
test is conducted to verify the performances of the developed techniques through the construction of 10 m-high pylon

with a hollow section.

Keywords: Slip Form System; Construction of Concrete Pylons; GFRP Form

1. Introduction

Slip forming is a building technique using a system struc-
ture combining monolithically the form and the working
platform, which secures stability for elevated works com-
pared to other methods and reduces the construction du-
ration by the automated lifting of the form and continu-
ous placing of concrete. In the slip forming, the slip form
is raised vertically and continuously according to the de-
gree of hardening of the concrete that has been poured. If
concrete becomes exposed too early due to the excessive
climbing speed of the slip form, concrete may stream
down and experience deformation or may fail in devel-
oping sufficient strength. Besides, if the climbing speed
is too slow, construction joint may occur or the slip form
may experience deformation due to the excessive lifting
force required to subdue the adhesion between the form
and concrete or stability may be degraded. Accordingly,
the economic efficiency of the slip form depends on the
maintenance of the appropriate slip-up rate of the slip
form system enabling to satisfy the constructed quality
required in the construction site.

The form removal strength differs whether it is com-
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mon concrete form or slip form. For the common con-
crete form, the Korean specifications prescribe to remove
the form at concrete compressive strength of 3 MPa - 8
MPa [1-5]. The foreign specifications state that the de-
signer or the contractor should decide directly the re-
moval time of forms considering that “the concrete ex-
posed by form removal shall have sufficient strength not
to be damaged by deflection or twisting during removal
operation” [6-8]. Differently from the common concrete
form that is removed after the hardening of concrete, the
form in the slip form method is lifted once concrete has
developed early setting. The bridge construction sites in
Korea adopt generally a value of 0.1 MPa for the com-
pressive strength of concrete or a specific value for the
penetration resistance as criterion for the slip-up. How-
ever, since continuous measurement is impossible, the
assessment of the degree of setting of concrete on field
relies on the skill of experimented technicians by intro-
ducing a penetration cone inside the concrete that has
been poured in the slip form. The ACI Committee 347 [7]
also does not provide any quantitative criterion for the
slip-up of the slip form and specifies to rely on the skilled
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experience of the technicians. Considering that the latest
technologies are adopted for the construction of super-
high-rise buildings and long-span bridges owing to the
development of high performance and high strength ma-
terials and the advances achieved in the design and con-
struction technologies, R&D should be conducted to de-
termine the slip-up speed of the slip form system based
on objective data in order to operate effectively the slip
forming known as the latest technology for the erection
of pylons.

On the other hand, the slip form method results in ef-
fective reduction of the engaged manpower once the cy-
clic process involving concrete placing and slip-up starts
after the assemblage of the forms. However, the method
still requires manpower and heavy equipment for assem-
blage, dismantlement and transport because of the sub-
stantial weight of the conventional steel forms. In addi-
tion, these conventional steel forms have large influence
on the finished surface of concrete during the hottest and
coldest seasons due to the inherent sensitivity of steel to
thermal gradient. Following, a new type of form should
be developed to replace such traditional steel forms.

This paper presents a study on the application of light-
weight glass fiber reinforced polymer (GFRP) form de-
veloped for the erection of concrete pylons by slip form-
ing through the determination of the slip-up time of the
form based on the estimation of the early strength using
the surface wave velocity so as to secure quantitatively
the quality of concrete. A tapered slip form system is fa-
bricated and mockup test is conducted to verify the per-
formances of the developed techniques through the con-
struction of 10 m-high pylon with a hollow section.

2. Estimation of Early Setting Using Surface
Wave Velocity

The slip-up of the slip form should be undertaken once
concrete can stand by itself during the form removal.
Moreover, the slip-up of the slip form should be con-
ducted after a definite setting time so that the concrete
poured in the slip form develops a strength satisfying the
criterion required at the design stage but before excessive
lifting force is needed to subdue the adhesion between
the form and concrete. Accordingly, this study deter-
mines the slip-up time of the slip form based upon quan-
titative data enabling concrete to stand by itself and se-
cure sufficient long-term strength at removal of the form.

The eventual self-supporting capacity of concrete can
be evaluated by measuring the early setting time corre-
sponding to a penetration resistance of 3.5 MPa when
conducting penetration resistance test according to the
rule specified by KS F 2436 [9]. Besides, in terms of the
strength, Reichverger and Jaegermann (1980) reported
from their experimental results that, when stripping was
done with a concrete strength of approximately 0.2 - 0.3
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MPa, concrete developed 100% of its strength at 28 days
with small deformations and that surface treatment could
be conducted easily to manage the construction quality
[10]. However, the application of such criteria for the
removal strength requires knowledge of the compressive
strength data for all concretes placed continuously. This
means that the compressive strength of concrete must be
measured at each placing instant and renders it quasi im-
possible to determine the climbing time of the slip form
system.

Accordingly, this study determines the slip-up time of
the slip form by estimating the compressive strength
from the surface wave velocity measured continuously
during the construction by a device attached to the slip
form. The early setting of concrete occurs through the
hydration of cement by water. Since the strength of con-
crete develops by means of such hardening phenomenon,
the early setting time and the initiation of the develop-
ment of strength are closely related. In order to under-
stand this relationship, specimens were fabricated and
subjected to standard penetration resistance test and com-
pressive strength test so as to measure the penetration
resistance, compressive strength and surface wave veloc-
ity with respect to the duration of curing.

2.1. Measurement of Surface Wave Velocity of
Concrete

This study examines the relationship between the early
setting time and the surface wave velocity of concrete
considering the correlation between the concrete strength
development and early setting time and the fact that the
velocity of the ultrasonic wave increases according to the
progress of the hardening of concrete [11]. Ultrasonic
waves can be generated by hammering the surface of the
medium. Differently from the so-generated compressive
wave (P-wave) and shear wave (S-wave), the surface
wave propagates along the surface and is free from prob-
lems caused by the effects of the reflecting waves or
mode conversion. Therefore, the ultrasonic wave can be
effectively applied to structures in which the hardening
characteristics of concrete at the surface are primordial
such as in structures erected by slip forming. Since the
surface wave represents approximately 67% of the pro-
pagating energy and is thus gathering the largest energy,
the surface wave is detected using the continuous wave-
let transform.

2.2. Test on Fresh Concrete

The relation among the surface wave velocity, penetra-
tion resistance and compressive strength was analyzed
for concrete at early age. To that goal, specimens were
fabricated with respect to the mix proportions listed in
Table 1 and, measurement test of the surface wave velo-
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city, penetration resistance test and compressive strength
test were conducted with respect to the curing time (Fig-
ure 1). Five different curing temperatures (5°C, 15°C,
20°C, 30°C, 35°C) were adopted to consider common
placing conditions at the exception of the coldest and hot-
test seasons. The penetration resistance and compressive
strength were measured at intervals of 1 hour and the

Figure 1. Tests on concrete at early age. (a) Penetration
resistance test; (b) Compressive strength test; (c) Measure-
ment test of surface wave velocity.

Table 1. Mix proportions of concrete.

Mix Type SC
Characteristics 20-40-200

WIC (%) 354

Water (kg) 168
Cement (kg) 475

Sand (kg) 760

Gravel (kg) 935

AE Superplasticizer (kg) 4.75
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surface wave velocity was measured continuously.
Figure 2 plots the measured penetration resistance,
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Figure 2. Variation of the characteristics of concrete with
respect to the curing time. (a) Variation of penetration re-
sistance; (b) Variation of compressive strength; (c) Varia-
tion of surface wave velocity.
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compressive strength and surface wave velocity with res-
pect to the curing time. The early setting time is defined
as the time at which the penetration resistance reaches
3.5 MPa in compliance with KS F 2436. It can be ob-
served that the early setting time occurs later with higher
curing temperatures. In addition, the development of
strength initiates later with lower curing temperatures
and, longer time is needed to reach a definite surface
wave velocity. Considering the fact that the hardening of
concrete is caused by the hydration, there exists a very
close relation between the penetration resistance and the
compressive strength and, it can be affirmed that there is
a clear relationship with the surface wave velocity.
Figure 3 plots the linear interpolations of the curing
time required to reach the compressive strength of 0.2
MPa needed to develop the strength at 28 days proposed
by Reichverger and Jaegermann and the curing time
needed for the penetration resistance corresponding to
the early setting to reach 3.5 MPa based on the penetra-
tion resistance and compressive strength measured every
hour in Figures 2(a) and (b). In view of Figure 3, early
setting occurred first followed by the development of the
compressive strength of 0.2 MPa within the range of
temperatures (5°C - 35°C) considered in the tests. The
additional time required to reach the compressive strength
of 0.2 MPa after early setting exhibits difference accord-
ing to the curing temperature. Such difference in time
can reach a maximum of 6 hours due to the slower oc-
currence of the hydration of cement by water at lower
curing temperature, whereas this difference reduces with
higher curing temperature. Early setting and the devel-
opment of the compressive strength of 0.2 MPa occurred
at practically identical time at 35°C. Such quasi-coinci-
dence can be explained by the faster hydration of cement
by water at higher curing temperature. According to the
results of Figure 3, since the difference in time is less
than 1 hour at curing temperature higher than 30°C, both
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Figure 3. Comparison of criteria for the slip-up of slip form.
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criteria can be applied indifferently. However, very long
time is needed to develop the compressive strength of 0.2
MPa after early setting in case of low curing temperature.
Therefore, significant difference in time may occur for
the slip-up of the slip form according to the selected cri-
terion.

When concrete becomes exposed following the climb-
ing of the slip form, concrete should secure a penetration
resistance of 0.35 MPa to stand by itself and maintain its
shape. In terms of the strength, concrete should also se-
cure a compressive strength of minimum 0.2 MPa as re-
ported by Reichverger and Jaegermann (1980). Accord-
ingly, this study sets the compressive strength of 0.2 MPa
as criterion for the slip-up of the slip form so that con-
crete can secure self-supporting capacity and long-term
strength when exposed by the lifting of the slip form.

Figure 4 plots surface wave velocity sampled at inter-
vals of 1 hour and the corresponding compressive strength
in order to examine the relationship between the surface
wave velocity and compressive strength. The hourly
sampling of the surface wave velocity from the data mea-
sured continuously is due to fact that the compressive
strength test was conducted at intervals of 1 hour. In
view of Figure 4, the surface wave velocity increases ra-
pidly with higher compressive strength in the initial part
of the curves prior to the compressive strength of 0.2
MPa after placing of concrete. After the development of
a definite strength, the surface wave velocity does not in-
crease significantly even when the compressive strength
increases.

3. Application of Lightweight GFRP Panel

To date, the panel as the member maintaining the shape
of the pylon in the slip form method used steel forms.
However, these steel forms present the problems of being
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Figure 4. Surface wave velocity and compressive strength.
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heavy and of being difficult to assemble. Moreover, qua-
lity control is necessary because of the corrosion of the
conventional steel forms caused by the uninterrupted
construction process, and continuous surface finishing by
the workers is required due to the friction between the
concrete section and the section of the slip form. In order
to solve such disadvantages, this study developed light-
weight panels featured by their ease of assembly. GFRP
material was selected considering its durability and char-
acteristics enabling to reduce the frictional force. The so-
developed GFRP panel presents a modular structure to
simplify the numerous connections needed to fasten the
waler and link the modules in the conventional steel
forms.

The shape of the panel was conceived as a box struc-
ture considering the ease of assembly and dismantlement
as well as the insulation effect. Accordingly, 5 shapes
were selected and examined by structural analysis (Fig-
ure 5). The corresponding maximum deflections were
compared and resulted in the selection of 6-box structure
with a thickness of 6 mm [12] owing to its smallest de-
flection (Table 2). Figure 6 illustrates the fabrication of
the lightweight GFRP panel.

4. Mockup Test
4.1. Considered Pylon

The design of the slip form system was conducted for
field verification of the developed technologies through
mockup test. The considered pylon to be constructed was
assumed as a 10 m-high pylon with rectangular and hol-
low section commonly adopted in cable-supported bridges.
The dimensions of the pylon at the foot are 4.0 m x 4.0 m
with thickness of 0.6 m. For the top elevated at 10.0 m
height, the dimensions are 3.77 m x 3.6 m with thickness
of 0.6 m on 3 faces and 0.5 m on one face. Figure 7
shows the dimensions of the pylon at the bottom and top.

4.2. Design of Slip Form System

The slip form is composed of yoke, form panel and waler,
working platform, lifting device and spindles to adjust
the perimeter of slip form assembly to match the sec-
tional change (Figure 8). The pylon considered in this

Table 2. Structural analysis results for the GFRP panel.

Sectional shape Maximum deflection(mm)

6 BOX (thickness 6 mm) 0.06
3 BOX (thickness 3 mm) 0.38
3 BOX (thickness 6 mm) 0.17
3 BOX truss (thickness 3 mm) 0.17
3 BOX truss (thickness 6 mm) 0.07
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(d)

Figure 5. Determination of the section of the light weight
form module by structural analysis. (a) 6 Box structure,
thickness 6 mm; (b) 3 Box structure, thickness 3 mm; (c) 3
Box structure, thickness 6 mm; (d) Truss structure, thick-
ness 3 mm; (e) Truss structure, thickness 6 mm.

ENG



652 H.YOON ET AL.

Figure 6. Fabrication of GFRP module.
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Figure 7. Cross sectional shape of considered concrete pylon.

(a) Foot of pylon (EL. 0.0 m); (b) Top of pylon (EL. 10.0 m).

study presents a section and thickness varying with the
height. Therefore, the slip form members were designed
to accommodate the tapered section and varying thick-
ness. Ten yokes are disposed considering the size of the
pylon. The yokes are composed of the yoke legs consti-
tuting the vertical members, the yoke channels constitut-
ing the horizontal members and the top yoke channels.
Form panel and waler are arranged to support the lateral
pressure caused by the placing of concrete and to main-
tain the shape of concrete. The form panels present a
height of 1.25 m and, GFRP panels and steel panels are
applied concurrently. The internal forms apply the con-
ventional steel panels. For the external forms, steel pan-
els are used for the corners and GFRP panels are used for
the other parts. The walers are disposed in two rows and
spindles are installed at the bottom.

The spindles are adjusted to vary the sectional dimen-
sions. The forms are designed so as to enable overlap-
ping of the corner panels and ordinary panels. Guides are
installed to allow the walers to get apart at the corners
according to the reduction of the section. Spindles are
installed on the horizontal yoke channels to modify the
thickness of one pylon’s face and the spindles are ad-
justed with respect to the height. The working platform is
composed of three levels: the top deck, the working deck
and the hanging deck. The slip form is a structure com-
bining monolithically the forms and the working plat-
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Figure 8. Composition of tapered slip form.

form. The working platform is connected to all the yoke
legs and is designed to shrink according to the sectional
variation of the pylon. Twelve hydraulic jacks with ca-
pacity of 60 kN are disposed considering the size of the
pylon.

Virtual construction was performed through BIM
(Building Information Modeling) based on the drawings
of the slip form (Figure 9). The assembling method and
installation sequence of the members were reflected con-
sidering the construction process. The position of each
member was verified and the eventual interference be-
tween the members during the assembly or installation
was examined.

4.3. Mockup Test

A slip form was fabricated based on the drawings de-
signed for the field verification of the developed tech-
nologies, and mockup test was carried out to erect a 10
m-high pylon. As preliminary works for the installation
of the slip form system, the reinforcement bars of the
pylon were arranged and the foundation’s forms were in-
stalled to proceed to the placing of concrete of the foun-
dation (Figure 10). The main members were installed
after temporary assembly on the working platform. Steel
panels and lightweight GFRP panels were combined to
constitute the form panels (Figure 11). The devices for
the measurement of the surface wave velocity were in-
stalled at the bottom of the GFRP panels as shown in
Figure 12. In order to measure the surface wave velocity
on every section, the devices were installed on the 4
faces. Figure 13 shows the slip form system after com-
pleted assembly. This system is equipped with a 3-level
working platform. The lower level being used for the
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Figure 9. Virtual construction by BIM.

Figure 10. Arrangement of reinforcement and installation
of foundation forms.

Figure 11. Form panels.

placing of concrete and slip-up, this level was installed
after having secured sufficient height for its installation.
The concrete used for the erection of the pylon adopts
mix proportions identical to those of Table 1. Concrete
was poured by height of 25 cm every 2 hours. Figure 14
plots the time history of the surface wave velocity meas-
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Figure 12. Surface wave velocity measurement device.

Figure 13. Installed slip form system.

ured by the devices attached at the bottom of the GFRP
panels. The surface wave velocity for the slip-up was
determined based on the data of Figure 4 as explained
above. Considering the curing temperature (15°C), the
surface wave velocity chosen as criterion for the slip-up
of the slip form is 1100 m/s. Slip-up was conducted by
adjusting the climbing speed of the slip form to verify the
quality of concrete according to the surface wave veloc-
ity applied for the slip-up. The parts highlighted by the
arrows in Figure 14 indicate the times at which the sur-
face wave velocity experiences changes and the corre-
sponding slip-up times of the slip form system. It can be
observed that the surface wave velocity decreases rapidly
after having reached a definite value. This sudden de-
crease can be attributed to the climbing of the slip form,
which led the surface wave velocity measurement device
attached to the slip form to measure the surface wave
velocity of concrete that did not experience early setting.
Thereafter, the surface wave velocity regained values
larger than 1100 m/s following the hardening of concrete
and the surface wave velocity re-experienced decrease
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Figure 14. Variation of surface wave velocity.

with the progress of slip-up. Slip-up was executed mostly
when the surface wave velocity exceeded 1100 m/s. Slip-
up was sometimes performed at surface wave velocity
below 1100 m/s to verify the quality of concrete accord-
ing to the variation of the surface wave velocity.

The photographs in Figures 15 present the surface of
concrete corresponding to the climbing of the slip-form
system before and after the surface wave velocity reached
1100 m/s. The surface of concrete in Figure 15(a) shows
irregularities and shows traces of partial spalling whereas
no particular problem is observed on the surface of con-
crete in Figure 15(b).

Figures 16 and 17 present the GPS and tiltmeter used
for the shape control. The 10 m of the pylon was com-
pleted in 5 days after the placing of concrete (Figure 18).

5. Conclusions

This paper presented the technologies developed to se-
cure the quality of concrete when slip forming is applied
for the erection of pylons. To date, the slip-up of the slip
form relied on the skilled experience of technicians. This
study examined the method determining quantitatively
the slip-up time of the slip form by estimating the early
strength of concrete from the surface wave velocity
measured by dedicated measurement devices attached at
the bottom of the forms. In addition, lightweight GFRP
panels were also developed to replace the traditional steel
forms.

Mockup test was conducted to execute field verifica-
tion of the developed techniques through the construction
of 10 m-high pylon. The considered pylon exhibited rec-

Copyright © 2013 SciRes.

Figure 15. Surface of concrete. (a) Surface wave velocity <
1100 m/s; (b) Surface wave velocity > 1100 m/s.

Figure 16. GPS.

tangular hollow section as commonly adopted in cable-
supported bridges and the developed GFRP panels were
applied for the outer forms. The surface wave velocity
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Figure 18. Mockup test of pylon. (a) Completed assembly of
slip form; (b) 1st slip-up (1.5 m); (c) 3rd slip-up (5 m); (d)
5th slip-up (10 m).

was real-time monitored by means of devices attached at
the bottom of the GFRP panels. The criterion for the slip-
up was determined to be the surface wave velocity of
1100 m/s considering the mix proportions and curing
temperature of concrete. Slip-up was also conducted for
different surface wave velocities to verify the difference
in the quality of concrete with respect to the surface
wave velocity. The 10 m-high pylon was successfully

Copyright © 2013 SciRes.

erected after 5 days of construction and enabled to dem-
onstrate the efficiency of the developed slip form. Fol-
lowing, the developed tapered slip form was shown to be
sufficiently applicable in the future for the erection of
real pylons.
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