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Abstract

  The setting and hardening of concrete cast inside the form constitute 

important processes during the construction work and influence the form 

removing time. As the latest construction method, slipforming enables 

continuous placing of concrete using moving forms. If exposed prematurely 

before developing early compressive strength of between 0.2 and 0.3 MPa, 

concrete may stream down and deform or may fail to develop sufficient 

strength. Besides, delayed exposure of concrete may generate construction 

joint or lead the slipform to deform due to the excessive lifting force 

required to subdue the adhesion between the form and concrete. 

Accordingly, the efficiency of slipform operation depends on the appropriate 

form removal timing. Despite of the state-of-the art technology, domestic 

slipform construction has relied on the experience of foreign engineers to 

assess the initial setting properties of in-place concrete. Therefore, there is 

urgent need to develop a self-relying method for the evaluation of 

compressive strength development of early-age concrete inside the form.

  This dissertation proposes an experimental formula evaluating the early-age 

concrete compressive strength using surface wave velocity. To investigate the 

relationship between compressive strength and surface wave velocity for 

early-age concrete, a series of experiments including surface wave velocity 

measurement, cylindrical compressive strength test, and penetration resistance 

test on in-place concrete during the first 24 hours after placing were 

conducted. Numerical simulation is presented to demonstrate the applicability 

of surface wave velocity measured by a pair of ultrasonic transducers 

attached to the same side of concrete wall with form panel. The proposed 

formula deals with diverse concrete mixtures and curing temperatures, and  

the 95 % confidence bounds of the formulation are suggested to improve 

field application. Various slipform concrete constructions are presented to 
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validate the proposed formula. To that goal, a pair of ultrasonic modules is 

installed at the bottom of the panel to acquire the surface wave signal, and 

the proposed formula is applied to evaluate compressive strength and 

slipform operation for form moving. The results show that the proposed 

experimental formula is applicable for maintaining optimal slipforming 

conditions. Extended application of the proposed formula is expected to 

other construction technology for determining the appropriate form removing 

time.

Keywords  : Ultrasonic velocity method, Surface wave velocity method, 

Early-age Concrete, Setting and Hardening of Concrete

Student Number: 2009-30233
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CHAPTER 1

INTRODUCTION

  This introductory chapter provides the research background and a literature 

review on the prediction of the compressive strength using surface wave 

velocity related to the form removing during construction process. The 

objective and scope of the research dedicated to the evaluation of early-age 

concrete strength using surface wave velocity for slipform operation are 

presented.

1.1 Research Background

  The setting and hardening of concrete constitute important processes 

during the construction work and influence the form removing time. The 

recent advances realized in design and construction technology enabled to 

enlarge the construction market to super-high-rise buildings and long-span 

bridges, which require to place huge quantities of concrete within the 

shortest period. Accordingly, the appropriate timing for form removal has 

significance in shortening construction period and reducing construction cost.

  As the latest construction technique for concrete structures, slipforming 

shortens significantly the construction period through 24-hour continuous 

concrete placing and automated form removing. For comparison, the 

climbing form enables to erect heights of 4 m in 8 to 9 days, while 

slipforming achieves 2 to 4 m per day (Chong and Kim, 1997). Moving of 

slipform takes place when the concrete inside the form is in its initial stage 

of setting (Reichverger, 1987). If concrete becomes exposed too early due to 

the excessive climbing speed of the slipform, concrete may stream down 
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and deform or may fail in developing sufficient strength, as shown in 

Figure 1.1. Besides, if the climbing speed is too slow, construction joint 

may occur or the slipform may experience deformation due to the excessive 

lifting force required to subdue the adhesion between the form and concrete 

or stability may be degraded, as shown in Figure 1.2. Accordingly, the 

economic efficiency of the slipform depends on the appropriate form 

removal timing.

  In Korea, slipform was used to construct the pylons of Seohae Bridge 

(height of 182 m), Machang Bridge (height of 164 m), and Yi Sun-sin 

Bridge (height of 270 m). Despite the introduction of state-of-the-art 

technology, these slipform constructions relied on the experience of foreign 

engineers for the assessment of the degree of setting of in-place concrete. 

Therefore, there is urgent need to develop a self-relying method for the 

evaluation of compressive strength development of early-age concrete inside 

the form.
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Figure 1.1 Premature form removal

Figure 1.2 Delayed form removal
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1.2 Literature Survey

  The form removal strength differs whether it is common concrete form or 

slipform. For the common concrete form, the domestic specifications 

prescribe to remove the form when the concrete compressive strength 

reaches 5 ~ 8 MPa, as shown in Table 1.1. Namely, the Standard Concrete 

Specification (Ministry of Land, Transport and Maritime Affairs, 2009), 

Standard Specification for Temporary Works (Ministry of Land, Infrastructure 

and Transport, 2014), Expressway Construction Guide Specification (Korea 

Expressway Corporation, 2009) specify the form removing strength of 

concrete to be 5 MPa. In the Manual of Concrete Practice (Korea Concrete 

Institute, 2000), 8 MPa is specified for high-strength concrete with a design 

strength of 40 MPa or more. Table 1.2 shows the overseas specifications for 

the common concrete form. ACI 318-14 (ACI Committee 318, 2014), ACI 

347-14 (ACI Committee 347, 2014), EM 1110-1-2009 (US Army Corps of 

Engineers, 1997) state that the designer of the contractor should decide 

directly the removal time of forms considering that "the concrete exposed by 

form removal shall have sufficient strength not to be damaged by deflection 

or twisting during removal operation". 

  The slipform removing time differs from that of the common concrete 

form in that moving of slipform takes place when the concrete inside the 

form is in its initial stage of setting (Reichverger, 1987). Since concrete is 

exposed when it has early-age strength, appropriate form removing is very 

important in terms of durability and configuration management of concrete 

structures. But, due to the lack of relevant research, the domestic and 

foreign specifications do not provide quantitative standards. Form moving 

has relied on the skilled experience of the foreign technicians. For example, 

ACI 347-14 (ACI Committee 347, 2014) suggests that the level of hardened 

concrete in the form should be checked frequently by the use of a probing 

rod by a skilled technician.  
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Specification
Compressive 

strength 

Manual of Concrete Practice

(Korea Concrete Institute, 2000)

8 MPa

(for >40 MPa)

Standard Concrete Specification

(Ministry of Land, Transport and Maritime Affairs, 

2009)

5 MPa
Standard Specification for Temporary Works 

(Ministry of Land, Infrastructure and Transport, 

2014)

Expressway Construction Guide Specification (Korea 

Expressway Corporation, 2009)

Table 1.1 Domestic specifications for form removal

Specification
Compressive 

strength

ACI 318-14; Building Code Requirement for 

Structural Concrete (ACI Committee 318, 2014)

Still enough to 

retain its shape 

while supporting 

its own weight and 

the lateral forces 

caused by wind 

and equipment

ACI 347-14; Guide to Formwork for Concrete 

(ACI Committee 347, 2014)

EM 1110-1-2009; Engineering and Design 

Architectural Concrete (US Army Corps of 

Engineers, 1997)

Table 1.2 Foreign specifications for form removal
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  Meanwhile, there is no consensus among the scientists about the desirable 

strength level for slipform stripping (Reichveger and Jaegemann, 1980). 

Vavilov (1931) and Dinescu (1970) proposed 0.2 MPa as the compressive 

strength level on the basis of field experience. Fisher (1966) prescribed a 

value of 0.1 MPa resulting in rapid raising. Pressure by overlying layer of 

concrete inside the slipform is important issue in slipform operation. 

Reichveger and Jaegemann (1980) investigated that the maximum pressure 

exerted on the exposed casting by the overlying layer of concrete inside the 

slipform is about 0.025 MPa. Reichveger (1987) reported that the optimal 

conditions in slipform concreting is achieved when the initial compressive 

strength of concrete in the remoulding zone under the form lied between 0.2 

and 0.3 MPa. However, since the in-place strength of fresh concrete cannot 

be continuously monitored, the assessment of the degree of setting of 

concrete on field has relied on the skill of experimented technicians by 

introducing a penetration cone inside the concrete that has been poured in 

the slipform. 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 materials and advances 

achieved in the design and construction technologies, an efficient 

non-destructive test method for early age concrete strength is required.

  The ultrasonic wave velocity (body waves and surface waves) method has 

been widely used to monitor the solidification of concrete. It is because the 

material strength influences the propagation velocity of the waves (Reinhardt 

and Grosse, 2005). There are body waves (P-waves and S-waves) and 

surface waves (Rayleigh waves; R-waves) propagating in a solid medium, as 

shown in Figure 1.3. P-wave velocity measurement is most common for 

evaluating the in-place strength of concrete in structure. This technique is 

prescribed in ASTM C597-16 provided that opposite sides of the structures 

are accessible. Figure 1.4 shows the practical limitation of the applicable 
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P-wave, the disturbance of the passing body waves by the aggregate and 

reinforcing element in the concrete structure leads impossibility to access to 

opposite surfaces in some concrete structures such as pylon. Surface 

wave-based method shown in Figure 1.5 has been investigated due to their 

one-side access feature (Kim and Kwak, 2011; Popovics and Abraham, 

2010). Even though the surface wave velocity is used to evaluate concrete 

strength, it is yet to be applied for very early concrete which have strength 

under 10 MPa (Shin et al, 2007; Popovics et al, 1998; Gallo and Popovics, 

2005). Considering that the compressive strength for form removing is under 

10 MPa, it is necessary to develop a method evaluating the early-age 

concrete strength using surface wave velocity.

Figure 1.3 Wave propagation and particle motion of 

compressional, shear and Rayleigh waves
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Figure 1.4 Body-propagating wave in concrete 

Figure 1.5 Surface-propagating wave in concrete
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1.3 Research Objective and Scope

  In order to evaluate the early-age concrete strength based on surface wave 

velocity for slipform operation, the following objectives and corresponding 

scopes are proposed:

1. Concrete compressive strength-surface wave velocity relationship. Surface 

waves which travel over the surface layer of concrete inside the form are 

employed to evaluate early-age concrete compressive strength. The 

characteristics of surface waves and compressive strength of concrete are 

investigated through theoretical and empirical approaches. And numerical 

simulation is performed to analyze the propagating velocity of surface 

wave compared with Rayleigh wave. Arrival time of surface wave is 

calculated using the maximum energy arrival concept.

2. Proposal of experimental formula for concrete compressive 

strength-surface wave velocity. Experimental study is performed to 

investigate the setting, compressive strength and surface wave velocity 

using 20 types of concrete specimen at a very early age concrete during 

24 hours after mixing. The effectiveness of surface wave velocity to 

monitor early-age concrete strength is demonstrated. And the relationship 

between surface wave velocity and compressive strength from 

measurement is investigated. Then, an experimental formula for concrete 

compressive strength-surface wave velocity is proposed considering various 

mixtures and curing temperatures.

3. Experimental validation of proposed formula. The effectiveness of the 

proposed formula is validated experimentally. 
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1.4 Overview of Dissertation

  The following gives the outline of the five chapters in this dissertation.

  Chapter 1 includes the research background and the literature review on 

the compressive strength prediction using surface wave velocity related to 

form removing during construction process. The research objective and scope 

for the evaluation of early-age concrete strength using surface wave velocity 

for slipform operation are presented.

  Chapter 2 deals with the relationship between concrete strength and 

surface wave velocity through theoretical and empirical approaches. The 

velocity of the surface waves which travel over the contact layer between 

concrete and the considered panel is introduced. Numerical simulation is 

performed to analyze the propagating velocity of surface wave compared 

with that of Rayleigh wave.

  Chapter 3 presents the experimental relationship between the surface wave 

velocity and compressive strength of early-age concrete. Surface wave 

velocity measurement using maximum energy arriving concept is conducted 

on twenty specimens with various mixtures and curing temperatures. An 

empirical formula relating the surface wave velocity and the concrete 

strength is derived.

  Chapter 4 validates experimentally the proposed formula through three 

different slipform operations. 

  Finally, Chapter 5 summarizes the results obtained from this dissertation 

and suggests further studies. 
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CHAPTER 2 

CONCRETE COMPRESSIVE STRENGTH-SURFACE 

WAVE VELOCITY RELATIONSHIP

  In this chapter, a general review of the concrete compressive 

strength-surface wave velocity relationship is given through theoretical and 

empirical approach. Following that, surface waves velocity which travel over 

contact layer between concrete and panel which is adopted in this study is 

introduced. Numerical simulation is performed to analyze the propagating 

velocity of surface wave compared with that of Rayleigh wave.

2.1 Strength-Velocity Relationship from Theoretical Approach

2.1.1 Stress wave in a solid media

  Body waves and surface waves are the two of basic elastic waves 

propagating in a solid medium, shown in Figure 2.1. Body waves (P-waves 

and S-waves) propagate inside medium. Surface waves (also known as 

Rayleigh waves, R-waves) travel along the very shallow part of the medium. 

Figure 2.2 shows the particle motion of P-waves, S-waves, and R-waves, 

respectively. The P-waves (primary or compressional waves) are longitudinal 

waves which causes the particle to oscillate in the direction of wave 

propagation. These waves cause compressive and tensile stresses in the 

medium. The S-waves (secondary or shear waves) are transverse waves 

causing the particle to oscillate in the direction perpendicular to the wave 

propagation direction. Surface waves are the surface waves that propagate 

along the surface or interface of a solid medium. These waves cause the 
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particle to move in elliptical manner such that the surface appears to be 

moving in up and down motion. Rayleigh waves are a type of surface 

waves that travel along the free surface of solid. 

Figure 2.1 Propagation and particle motion of compressional, 

shear and Rayleigh waves
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(a) P-wave particle motion

(b) S-wave particle motion

(c) R-wave particle motion

Figure 2.2 Particle motion of elastic waves

<From http://www.geo.mtu.edu/UPSeis/waves.html>
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2.1.2 Wave propagation in isotropic linear elastic solid

  Waves in a solid are the propagation of displacement of the mass 

particles in a solid medium and they are displacement waves (J.D. 

Achenbach, 1973). The equilibrium equations in terms of displacements are 

known as Navier’s equation by 

 ∇∇u∇uf u (2.1)

where, u is the particle displacement vector,  is the medium density, 

and  are the Lame’s constants and f is the body forces. 

  The Stokes-Helmholtz decomposition of the displacement field transforms 

Navier’s governing equation of motion into simple equation as Eq.(2.4). If 

 is a scalar function and H is a vector function, then any displacement 

field  can be expressed in the following forms in Eq.(2.2).

u∇∇×H ,   ∇∙H  (2.2)

  

  In the case of the absence of body force, Navier’s equation for the 

dynamic case is expressed as

 ∇∇u ∇×∇×u u (2.3)

  Substituting Eq.(2.2) into the Navier’s equation of Eq.(2.3) gives

∇ ∇ ∇∇H H   (2.4)
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with that,

∇∇×H  

∇×∇  (2.5)

∇×∇×A∇∇A∇A

  Eq.(2.5) can be satisfied with the following sufficient conditions,

∇ 



   (2.6)

∇ H



 H  (2.7)

where,  equals 




, and  equals 






  Eq.(2.6) and (2.7) show that they have solution with correspond to waves. 

 is the P-wave velocity and  is the S-wave velocity.

2.1.3 Surface waves

  In an unbounded elastic medium, only two type of waves that propagate 

in a medium can be propagated. However, when there is a boundary, 

another type of wave is exist whose effects are confined closely to the 

surface (Graff, 1975). This is surface waves which travel along the very 

shallow part of a medium. Lord Rayleigh(1885) investigated these type of 

waves who showed that their effect decreases rapidly with depth and that 

their velocity of propagation is smaller than that of body waves. Because 

these surface wave is firstly investigated by Lord Rayleigh, it is commonly 

called surfaces waves or Rayleigh waves. But Rayleigh waves are a type of 

surface waves with the free boundary condition which is expressed as 

Eq.(2.8).
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            (2.8)

where,  and  are the following ratios between velocities of P-waves 

velocity( ), S-waves velocity( ) and Rayleigh waves velocity() 

 


(2.9)

 


(2.10)

  An approximate solution of the characteristic equation in Eq.(2.8) has 

been suggested by Viktorov(1967)

 
 

(2.11)

  Therefore, Rayleigh wave velocity() is expressed in Eq.(2.12).

 
 

 (2.12)

  It is concluded that the wave velocity is related to the dynamic modulus 

of elasticity(), mass density(), and Poisson ratio() of the material and is 

computed by the following equation.

 


 

  
(2.13)

 





   (2.14)
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(2.15)

with elastic modulus for homogeneous isotropic materials

 


(2.16)

 


(2.17)

2.1.4 Surface wave velocity and compressive strength relationship

  From the assumption of the material is infinite, homogeneous, and 

isotropic, dynamic modulus of elasticity in Eq. (2.13) ~ (2.15) is described 

by the following manner. 

   
 (2.18)

  Due to the nonlinear behavior of concrete, the dynamic modulus of 

elasticity() in the area of wave propagation problem is differ from static 

modulus of elasticity(). The british Code CP110:1972 gives the following 

equation between static and dynamic modulus of elasticity.

    (2.19)

  Neville(1995) reported that, the simplest empirical relation has been 

developed between the static modulus of elasticity of concrete and the 

dynamic modulus of elasticity of concrete.

   (2.20)
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  Popovics(2008) suggested similar relationship by comparing the results of 

static and dynamic tests conducted according to ASTM C469 and ASTM 

C215, respectively.

    (2.21)

  Eq.(2.19) to (2.21) reveal that static modulus of elasticity of concrete has 

linear relationship with dynamic modulus.

   (2.22)

  Another empirical relationship to be considered is between compressive 

strength() and static modulus(). In general, compressive strength is the 

representative material constants which represent the nonlinear characteristics 

of concrete and basis for the analysis and design of the structure. Structural 

design is based on the properties of hardened concrete. ACI 318-14(2014) 

prescribe the relationship as Eq.(2.23). KHBDC (Korean Highway Bridge 

Design Code (Limit State Design), 2015) prescribe it as Eq.(2.24).

  
 

 (2.23)

  
 

 (2.24)

  For the young concrete, the modulus of elasticity of concrete depends on 

the age. Accordingly, KHBDC(2015) and EN 1992-1-1(2004) prescribe the 

relation between static modulus and compressive strength as Eq.(2.25) and 

(2.26), respectively.

   
 

 (2.25)
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 (2.26)

where,  is the strength correction factor expressed according to the 

concrete age, which ranges from 0.12 to 0.20, and   is concrete 

compressive strength at  days.

  Eq.(2.23) to (2.26) reveal that the compressive strength can be expressed 

in the power function of the elasticity modulus, which is expressed as 

Eq.(2.27).

  
∼  (2.27)

  Finally from the relationships prescribed above, it leads power function 

form between compressive strength and pulse velocity, which is expressed as 

Eq.(2.28). Early researchers adopted this mechanical based formula, even 

though there is a problem with this formula that it is untenable theoretically 

and useless for practical purpose (Popovics, et al., 1990).

   
 (2.28)

  

  This mechanical form of formula has been proposed by several 

researchers (Kheder; 1999, Pessiki and Cerino; 1989). Kheder(1999) 

concluded that there is a good correlation between ultrasonic pulse velocity 

and the compressive strength. 

   
 (2.29)



- 20 -

where,  and  are the constants for the regression.

  Pesski and Carino(1989) also concluded that there is good correlation 

between ultrasonic pulse velocity and the compressive strength. 

  


 (2.30)

where,  and  are the constants for the regression.

2.2 Strength-Velocity Relationship from Empirical Approach

  Although several efforts by several researchers have been made for the 

development of a mathematical model formula, it is not supported 

adequately by experimental results. This is because prescribed equation from 

(2.27) to (2.29) are obtained from the assumption that the material is 

homogeneous and linearly elastic, which concrete is not. Concrete is a 

highly composite viscoelastic material. It results the empirical form of 

formula for the application. Since such a relationship is needed for practical 

estimation of concrete strength from pulse velocity measurements, empirical 

formula has been developed by statistical means. A frequently used 

empirical formula for the pulse velocity versus strength relationship is

  
 (2.31)

where,  is concrete strength,  is pulse velocity.  and  are empirical 

constants depending on the concrete.

  Table 2.1 shows recommended formula from many researchers.
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Researcher Formula Constant Remark

Shin et al.(2007)   


a=0.665

b=0.411
R-wave

Turgut(2004)   


a=1.146

b=0.77
P-wave

Nash’t et al.(2005)   


a=1.19

b=0.715
P-wave

Trtnik et al.(2009)   


a=0.0854

b=1.2882
P-wave

Lee, el al.(2003)   


a=0.05695

b=1.572

P-wave

OPC(w/c: 0.35~0.58)

a=1.1171

b=1.459

P-wave

OPC(w/c: 0.27~0.31)

a=0.09203

b=1.451

P-wave

FA(w/c: 0.35~0.50) 

a=0.1012

b=1.477

P-wave

FA(w/c: 0.27~0.31)

Table 2.1 Empirical form of formula from other researchers
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2.3 FE Simulation for Surface Save Propagation with Panel

2.3.1 Position of ultrasonic transducer for slipform operation

  Previous researches which focused on Rayleigh waves have investigated 

the hardened concrete compressive strength (Shin et al, 2007; Popovics et 

al, 1998; Gallo and Popovics, 2005). Ultrasonic transducer is usually 

installed on the top side of hardened concrete, and Rayleigh waves 

propagate between concrete and free surface. However slipform is operated 

through 24-hour continuous concrete pouring, and concrete is exposed when 

it reaches the compressive strength of 0.2 to 0.3 MPa. For the continuous 

monitoring of properties of early-age concrete, this study installed the 

ultrasonic transducer on wall side with mounting panel within formwork. 

Figure 2.3 shows wall side installation of ultrasonic module. Mounting panel 

is for the fixing their position contacting with concrete in a plastic state. In 

this case, surface waves generated from transmitter travel along interface 

between concrete and mounting panel, which is differ from Rayleigh waves. 

Accordingly, surface wave velocity with mounting panel should be compared 

with Rayleigh wave velocity. FE simulation is introduced for that.

Figure 2.3 Wall side installation of ultrasonic module
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2.3.2 Finite element modeling

  The FE simulations were perform to validate the surface wave velocity of 

early-age concrete with mounting panel. The results were compared with 

Rayleigh wave velocity. The elastic wave propagation in an elastic medium 

was simulated in order to compare the surface wave velocity with Rayleigh 

wave velocity. Simulations were conducted to reflect the actual setting in 

the surface wave velocity measurement. Figure 2.4 shows the schematic of 

surface wave measurement setup. There are two ultrasonic transducer placed 

at 100 mm apart on the surface at the same side of the specimen. When 

one transducer vibrate at its resonant frequency, surface wave leaves the 

transducer and is transferred through the interface between concrete and 

acylic panel. When the signal is received by another transducer attached to 

same surface, velocity is calculated using travel time. 

Figure 2.4 Schematic of surface wave measurement setup

  The model configuration for FE simulation is shown in Figure 2.5. This 

axisymmetric model represents the concrete specimen for the surface wave 

velocity measurement, which is described in Figure 2.3 and 2.4. There is 

acrylic layer with thickness of 1 mm at the top of the concrete fixing the 
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position. Vibration of transmitter was described as point loading in FE 

simulation. Since the other transducer is spaced 100 mm apart, vertical 

displacements at point load spaced 100 mm apart from loading position 

were investigated. 

  ABAQUS/Explicit is adopted for FE simulation. The model configuration 

is shown in Figure 2.5. CAX4R, the 4-node reduced-integration axisymmetric 

solid element were used for concrete inside panel. And CINAX4, a 4-node, 

axisymmetric, infinite element were used for the far edge of the concrete 

zone.

Figure 2.5 Configuration of FE modeling

  

  In the finite element model, time and resolution are absolutely critical for 

the convergence of numerical results. The integration time interval(∆) is 

very important for the accuracy of the solution. In general, the accuracy of 

the model is better with smaller time intervals. On the other hand, using too 

small an interval will take a long time to calculate. Depending from the 

accuracy required a good rule is to use a minimum 20 points per cycle at 
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the highest frequency (Moser et al., 1999).

∆ m ax


(2.32)

  In wave propagation simulations using finite elements, the length of 

element in the mesh and time step plays a crucial role for correctness of 

the obtained solution. The size of the element is chosen so that the 

propagating waves are spatially resolved. The mesh density is chosen to be 

sufficiently small to resolve the smallest wavelength and capture the desired 

highest frequency response. The suggestion by Moser et al(1999). is 

expressed in Eq.(2.32). In the FE simulation, the element size is determined 

to be 1.25 mm based on the preliminary examination. Concrete is divided 

into 57,600 elements. The integration time step is 17 μs. 

 ∼

m in
(2.33)

where, m in is the minimum wavelength and  is the element 

dimension in the direction of propagation considered. 

  In this simulation, sensors are discretized as single nodes. When voltage 

is applied to the piezoelectric transducer, the disc contracts and expands. 

This generates a vertical force to the concrete block and stress wave 

propagate through surface of concrete block. Vertical forces adopted incident 

ultrasonic wave. Loading signal at FE simulation was chosen as same at the 

experiment. Figure 2.6 shows the loading signal adopted. It is voltage signal 

and normalized by peak value for simulation.
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Figure 2.6 Excitation signal measured in the experimental study

Figure 2.7 Observed signal in measurement
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  Mechanical properties of the model materials are presented in the Table 

2.2. The density and Poisson’s ratio are assumed as 2400 kg/m3 and 0.3, 

respectively. The elastic modulus are determined to approximate observed 

receiving signal. Observed receiving signals are shown Figure 2.7.

Material ρ (kg/m3) E (GPa) ν

acrylic 1,150 2.9 0.35

concrete 2,400 6.23 0.3

Table 2.2 Mechanical properties of the model materials

  The vertical nodal displacements at 100 mm spacing from the loading 

point are observed. The comparison with measurement are shown Figure 2.8. 

Surface wave arrival is relevant to the first peak. Each responses are 

normalized to their first peak value for comparative purpose. Mounted 

acrylic segment are neglected.
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Figure 2.8 Signal Comparison between measurement and FE simulation

  Surface wave velocity was calculated using the maximum energy arriving 

point in signal through Continuous Wavelet Transform(CWT). Surface wave 

in the FE simulation is found to be close to the measurement. Accordingly 

dynamic modulus of elasticity is determined 6.23 GPa.
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2.3.3 Signal processing

  The surface wave velocity is determined by using the arriving time of 

surface waves between two sensors. Determination of arriving time is using 

a first peak in the time domain (Popovics, et al., 1998), a method using the 

cross correlation function (Wu, et al., 1995), and a method using the 

Continuous Wavelet Transform (CWT) (Shin et al., 2007). CWT allows a 

time-frequency analysis of a signal (Daubechies, 1990). And CWT is a very 

efficient tool for calculating the arrival time of Rayleigh waves, since the 

energy converted into Rayleigh waves is predominant (67 %) with respect to 

the energy that goes P-waves (7 %) and S-waves (26 %) from the incident 

loading (Miller and Pursey, 1955). The effectiveness of CWT in signal 

processing for Rayleigh waves are reported (Kishimoto et al, 1995; Inoue et 

al, 1996).

  The CWT is a mathematical procedure for the evaluation of signals. 

Opposite to the well-known Fourier transform, the wavelet-transformed signal 

shows the frequency domain and the time domain of signal. The wavelet 

transformation is shown in Eq. (2.34)

 

 
 ∞

∞



 
 (2.34)

  exp 


cos (2.35)

where =signal, =wavelet function, a=scale parameter, b=shift 

parameter. There are numerous wavelet functions, called mother wavelet. In 

this study, morlet wavelet is adopted which is widely used in technical 

application. Eq.(2.35) shows morlet wavelet function.
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2.3.4 Surface wave velocity between concrete and acrylic layer

  In order to investigate the effect of mounting acrylic on surface wave 

velocity, two models are considered as shown in Figure 2.9. Figure 2.9(a) is 

the model for concrete overlying acrylic with a thickness of 1 mm. With 

acrylic, surface wave between concrete and acrylic is generated. Figure 

2.9(b) is the model for concrete with free surface. Without acrylic, Rayleigh 

wave along the concrete surface is generated due to free surface.   

(a) with acrylic

(b) without acrylic

Figure 2.9 Model configuration for FE simulation
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  Figure 2.10 shows the time history of vertical displacements at 100 mm 

apart from point loading. From continuous wavelet transform, their 

propagation velocity determined is presented in Table 2.3. Rayleigh wave 

velocity with free surface is 857.29 m/s, and surface wave due to existence 

of acrylic is determined as 883.96 m/s. The difference between them was 

less than 3 %.

Figure 2.10 Vertical displacement at node of sensor

Index
loading start time 

(μs) 

arriving time to sensor 

(μs)

velocity

(m/s)

Rayleigh wave

(without acrylic)
3.2 119.846 857.29

Surface wave

(with acrylic)
3.2 116.327 883.96

Table 2.3 Velocity comparison considering acrylic panel
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2.3.5 Effect of concrete density on surface wave velocity

  In order to investigate the effect of material uncertainties on surface wave 

velocity, uncertainties of concrete density were considered. Density which 

range from 2,200 to 2,400 kg/m3 is considered. While other concrete 

properties remain constant. Table 2.4 shows mechanical properties of the 

material for the effect of concrete density.

Index ρ (kg/m3) E (GPa) ν

case 1 2,200 ~ 2,400 6.23 0.35

Table 2.4 Mechanical properties of the materials for case 1

  Figure 2.11 shows the time history of vertical displacements at 100 mm 

apart from point loading. From continuous wavelet transform, their 

propagation velocity determined is presented in Table 2.5. Surface wave 

velocity with density of 2,200 kg/m3 was 894.52 m/s. It was observed that 

the higher the density, the faster the propagation speed. Considering the 

variation of concrete density in the range of 2,200 ~ 2,400 kg/m3, the effect 

on the velocity change was less than 5 %. 
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Figure 2.11 Vertical displacement at node of sensor

Density

(kg/m3)

Loading start 

time (μs) 

Arriving time 

to sensor (μs)

Velocity

(m/s)


2,200 3.2 114.992 894.52 1

2,250 3.2 116.292 884.24 0.989

2,300 3.2 117.577 874.30 0.977

2,350 3.2 118.55 866.93 0.969

2,400 3.2 119.805 857.60 0.959

Table 2.5 Velocity comparison considering density variation
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2.3.6 Effect of concrete Poisson’s ratio on surface wave velocity

  In order to investigate the effect of material uncertainties on surface wave 

velocity, uncertainties of Poisson’s ratio were considered. Poisson’s ratio 

which range from 0.16 to 0.35 is considered. While other concrete 

properties remain constant. 

  Figure 2.12 shows the time history of vertical displacements at 100 mm 

apart from point loading. From continuous wavelet transform, their 

propagation velocity determined is presented in Table 2.7. Surface wave 

velocity with Poisson’s ratio of 0.35 was 847.93 m/s. It was observed that 

the lower the Poisson’s ratio, the faster the propagation speed. Considering 

the variation of Poisson’s ratio in the range of 0.16 ~ 0.35 kg/m3, the 

effect on the velocity change was less than 5 %. 

Index ρ (kg/m3) E (GPa) ν

case 2 2,400 6.23 0.16 ~ 0.35

Table 2.6 Mechanical properties of the materials for case 2
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Figure 2.12 Vertical displacement at node of sensor

Poisson’s ratio
Loading start 

time (μs) 

Arriving time 

to sensor (μs)

Velocity

(m/s)


0.16 3.2 116.327 883.96 1.000

0.20 3.2 117.364 879.05 0.991

0.28 3.2 119.459 875.93 0.974

0.30 3.2 119.805 872.31 0.970

0.35 3.2 121.134 860.55 0.959

Table 2.7 Velocity comparison considering Poisson’s ratio
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2.4 Summary

  In this chapter, relationship between concrete compressive strength and 

surface wave velocity is presented through theoretical and empirical 

investigation, can be form of formula in this study. Mechanical model of 

formula from theoretical approach has limitation in that compressive strength 

is the representative material constants which represent the nonlinear 

characteristics of concrete. While, empirical formula is investigated through 

existing research results. In frequently empirical formula, compressive 

strength has power function form of surface wave velocity. This study 

installs the ultrasonic transducer in wall side with mounting acrylic panel. 

Therefore surface wave velocity which propagate between two media is 

considered, which differ from Rayleigh wave velocity. The FE simulation is 

conducted to compare it with Rayleigh wave. The difference between surface 

wave velocity and Rayleigh wave velocity including material uncertainties is 

less than 5 %. Therefore, surface wave velocity is almost same as Rayleigh 

wave. And the effect of acrylic panel which is mounting device for 

ultrasonic transducer on velocity is neglectable. 
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CHAPTER 3 

PROPOSAL OF EXPERIMENTAL FORMULA FOR 

CONCRETE STRENGTH-VELOCITY

  In this chapter, relationship between compressive strength and surface 

wave velocity is investigated experimentally. Surface wave velocity is 

measurement is performed on 20 concrete specimen during 24 hours after 

pouring. Each specimen has different mixture and curing temperatures. 

Penetration resistance tests and cylindrical compressive tests also is 

conducted to investigate the properties of early-age concrete. And then, 

experimental formula for concrete strength-velocity is presented.

3.1 Material

  Setting and hardening process of concrete are greatly influenced by 

mixture proportion and environmental effect such as temperature. In this 

study, surface wave velocity with the advantage of one-sided access and 

applicable to slipform is considered to predict compressive strength of 

early-age concrete. Four different concrete mixture, which has the field 

application for construction, were considered in the measurement in order to 

improve the field application of research results. These mixture proportions 

are identified as MIX1 to MIX4 in Table 3.1. The W/C ranges from 35.4 

to 39.2 %. The S/A ranges from 42 to 46 %. Concrete mixture MIX1 and 

MIX2 have field applicability of construction of the main tower of Yi 

Sun-shin Bridge’s. For the construction of Yi Sun-sin Bridge pylon, various 

mixture were considered to ensure concrete durability. Among them, MIX1 
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is mixture from Ordinary Portland cement and MIX2 is from blast furnace 

slag cement. MIX 3 was applied to construction of main tower of Seohae 

Bridge. MIX1 to MIX3 are designed for a design strength of 40 MPa. 

While MIX4 adopted high strength concrete of 80 MPa reflecting the recent 

development of high-strength concrete. The detail of mix proportion is 

shown in Table 3.1. Table 3.1 also show variation of curing temperature 

with a concrete mixture. Curing temperature rages from 5 to 35 ℃, which 

is determined to reflect from the construction in winter to summer. 

Therefore, 20 specimen were prepared for the velocity measurement.
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Inde

x
Type

W/C

(%)

S/A

(%)

FA

(kg)

SU

(kg)

C

(kg)

S

(kg)

G

(kg)

curing 

temperature

(℃)

design 

strength

(MPa)

1

OPC

MIX1-T35

35.4 46 - 4.75 475 760 935

35

40

2 MIX1-T30 30

3 MIX1-T20 20

4 MIX1-T15 15

5 MIX1-T05 5

6

SC

MIX2-T35

35.4 46 - 4.75 475 760 935

35

40

7 MIX2-T30 30

8 MIX2-T20 20

9 MIX2-T15 15

10 MIX2-T05 5

11

FA

MIX3-T35

38 42 104 7 419 672 932

35

40

12 MIX3-T30 30

13 MIX3-T20 20

14 MIX3-T15 15

15 MIX3-T05 5

16

HPC

MIX4-T35

39.2 45 - 4.2 420 674.3 827.9

35

80

17 MIX4-T30 30

18 MIX4-T20 20

19 MIX4-T15 15

20 MIX4-T05 5

Table 3.1 Mixture proportion of concrete
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3.2 Measurement of Surface Wave Velocity of Early-age Concrete

3.2.1 Measurement setup

  Experiments were performed in order to investigate the development of 

surface wave velocity of early-age concrete. Dimensions of specimen for 

velocity measurement is presented in Figure 3.1. For the preparation of 

concrete specimen, The mold has dimensions of 400 x 300 x 300 mm. It 

was composed of 5 steel plates with a thickness of 6mm. One of wall side 

of steel mold with width of 400 mm has hole and acrylic segment is 

inserted into hole. The ultrasonic transducers were inserted into an acrylic 

circular hole and contact with the concrete surface. In order to fix the 

position of the ultrasonic transducer, an acrylic plate was mounted in the 

steel mold. Figure 3.2 shows the steel mold with acrylic panel before 

installing ultrasonic module. And then a pair of ultrasonic transducers are 

installed on the wall side of form, which is shown in Figure 3.3. Fresh 

concrete is prepared using the mix proportion in Table 3.1. Measurement of 

surface wave velocity is conducted continuously during 24 hours after 

pouring. 

Figure 3.1 Dimension of specimen for surface wave velocity measurement
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Figure 3.2 Mounting acrylic panel within steel mold before installation 

of ultrasonic transducer

Figure 3.3 Installation of ultrasonic transducer within steel mold
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  Schematic setup for the measurement is shown in Figure 3.4. It consist of 

two ultrasonic transducers, pulser-receiver device, data acquisition and display 

device. Surface wave signal is obtained from two ultrasonic transducers 

placed at 100 mm apart on the surface at the same side of the specimen. A 

pulser sends a high-voltage, short-duration voltage signal to a transducer 

causing it to vibrate at its resonant frequency. Surface wave leaves the 

transducer and is transferred through the surface of specimen. When the 

signal is received by another transducer attached to same surface, velocity is 

calculated using arriving time. For the calculation of arriving time, 

continuous wavelet transform is applied.

Figure 3.4 Schematic of surface wave measurement setup
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  Instruments for measurements were described in Table 3.2. It includes a 

pulser and receiver (Ultracon-3030, MKCKorea, Korea) for generating 600 

or 1200 voltage signal and measuring received signal with range of 1~10 

MHz, an ultrasonic transducer pair (CT-1010, MKCKorea, Korea) with a 

nominal frequency of 50 kHz, wireless data acquisition unit (MKDQ-710, 

MKCKorea, Korea) to transfer the measured signal to PC wirelessly. 

Item Name Description

Pulser-Receiver 

device
Ultracon-3030

Pulse voltage: 600-1200 V

Frequency range: 1-10 MPa

Number of channel: 6

Transducer CT-1010
Central frequency: 50 kHz

Diameter: 50 mm

Wireless data 

transfer device
MKDQ-710

Wireless data acquisition & 

transfer unit

Display SW UCSW-250
Main body control and 6 

channel monitoring software

Table 3.2 Instruments for surface wave velocity measurement
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  For concrete structures, transducers with natural frequency between 20 ~ 

150 kHz are suitable (EN 12504-4, 2004; BS 1881 Part203, 1986). The 

most commonly used transducers have a natural frequency of 50 ~ 60 kHz 

with a diameter of 50 mm. In this measurement, transducers with frequency 

of 50 kHz and a diameter of 50 mm was adopted. Signal leaving 

transmitter travel the surface of concrete and arrive the receiver. And then a 

pulser and receiver records the received signal up to 9,999 μs with sampling 

rate of 2.5 MHz. Finally, Wireless data acquisition unit transfer the received 

signal to PC.

  Minimum path length is recommended to have at least a pulse wavelength 

(Bungey, et al, 2006). Figure 3.5 shows the relationship between a 

wavelength and velocity with respect to frequency of vibration. Since wave 

length() equals pulse velocity divided by frequency of vibration, a 50 kHz 

transducer and concrete with a velocity of 2,000 m/s results in 40 mm 

wavelength. Since the path length of 100 mm in this measurement is 2.5 

times the wavelength, it is considered sufficient considering the pure 

distance (50 mm) excluding the probe contact area.

Figure 3.5 A wavelength versus velocity with respect to frequency 
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  And then velocity is calculated by dividing the wave path over traveling 

time. The traveling time of the surface wave is taken as the arrival time of 

the maximum energy peak in the time domain signal. In this measurement, 

distance between transducers is 100 mm. Finally from the detection of 

surface wave arriving time, the surface wave velocity can be calculated.

Figure 3.6 Experimental setup for surface wave velocity measurement

3.2.2 Measurement result

  After concrete placing, specimens were kept under isothermal condition 

during 24 hours. Figure 3.7 shows isothermal control machine. Figure 3.8 

shows the specimen for surface wave velocity measurement. At this period, 

signal measurements were conducted at intervals of 2 to 10 times per 

minute. Excitation generated by transmitter was shown in Figure 3.9, which 

was in the form of voltage impulse. Voltage signal captured by receiver was 

shown in Figure 3.10. The velocity was calculated by dividing the distance 

between transducers over the travel time of the surface wave. The actual 

travel time was determined by subtracting the impulse start time  of the 

test system. This system took  as 3.2 μs. 
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Figure 3.7 Isothermal control machine

Figure 3.8 Specimen for surface wave velocity Measurement
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Figure 3.9 Excitation signal from transmitter

Figure 3.10 Collected wave signal from receiver
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   Surface wave velocity development for the MIX1 ~ MIX4 under various 

curing temperature is presented in Figure 3.11 to 3.14. Starting with 

considerable scattering below 500 m/s was shown right after concrete 

placing. Velocity develops with a value approximately 500 m/s and increase 

up to approximately 2,000 m/s. The wave velocities of all specimen 

increased with curing time, but at different rates. In general, specimens 

under high temperature show higher velocity than those under low 

temperature at the same curing time, because of rapid hardening of concrete 

at high temperature

. 

Figure 3.11 Surface wave velocity development versus curing time (MIX1)
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Figure 3.12 Surface wave velocity development versus curing time (MIX2)

Figure 3.13 Surface wave velocity development versus curing time (MIX3)
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Figure 3.14 Surface wave velocity development versus curing time (MIX4)
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3.3 Validity of Surface Wave Velocity for Early-age Concrete

3.3.1 Penetration resistance test(KS F 2436)

  Along with surface wave velocity measurement, penetration resistance tests 

were conducted in accordance with KS F 2436 to determine setting time 

and investigate the validity of surface wave velocity at early-age concrete. 

According to KS F 2436, the initial and final setting of concrete are 

determined when the penetration resistance of a sieved mortar sample 

reaches 3.5 and 28 MPa, respectively. These value of penetration resistance 

correspond to two particular practical points, loosely defined as the limit of 

handling and the beginning of mechanical strength development, respectively. 

Specimen is prepared according to KS F 2436, which has a diameter of 

150mm and height of 150mm, as shown in Figure 3.15. All molds were 

covered with plastic sheets and stored at a controlled temperature (5, 15, 20, 

30, and 35 ℃) before the specimens were taken out of the molds. 

Penetration tests were performed every half to an hour interval while surface 

wave velocity monitoring. At every test, three repetitive tests were conducted 

and average values were adopted.

Figure 3.15 Dimension of specimen for penetration resistance test
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Figure 3.16 Specimens in isothermal control machine

Figure 3.17 Specimens for penetration resistance test
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3.3.2 Penetration resistance test result

  Figure 3.18 shows the development of penetration resistance under various 

curing temperature for MIX1. It can be seen that penetration resistance 

firstly changes in a very slow rate up to initial setting, and rapidly increase 

up to final setting. According to KS F 2436, time of initial and final setting 

were determined to be 3.7 and 5.3 hr, respectively. The initial and final 

setting time for every specimens are presented in Table 3.3.

Figure 3.18 Penetration resistance development versus curing time (MIX1)
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Index Type
Required time (hr)

Initial setting Final setting

1

OPC

MIX1-T35 3.7 5.3

2 MIX1-T30 4.6 6.1

3 MIX1-T20 6.4 8.8

4 MIX1-T15 7.3 10.2

5 MIX1-T05 11.2 16.6

6

SC

MIX2-T35 5.0 6.5

7 MIX2-T30 4.9 7.3

8 MIX2-T20 7.4 10.9

9 MIX2-T15 9.2 13.0

10 MIX2-T05 12.7 19.4

11

FA

MIX3-T35 3.9 5.8

12 MIX3-T30 4.2 6.3

13 MIX3-T20 5.0 7.8

14 MIX3-T15 6.6 10.2

15 MIX3-T05 8.1 14.7

16

HPC

MIX4-T35 3.6 6.9

17 MIX4-T30 4.0 7.2

18 MIX4-T20 5.4 9.0

19 MIX4-T15 4.8 10.1

20 MIX4-T05 8.1 16.7

Table 3.3 Initial and final setting for each specimen
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3.3.3 Validity of surface wave velocity for early-age concrete

  Figure 3.19 ~ 3.22 shows surface wave velocity development with curing 

age. In those figures, initial and final setting time, as defined by penetration 

resistance, were superposed. Observation shows that at very early age there 

was considerable scatter and no well-defined trend in the computed 

velocities under 500 m/s. However, after an elapsed time, these plot show 

an initial sharp increase in the velocity with age during the first few hours 

followed by an asymptotic leveling after casting. Figure 3.19 ~ 3.22 also 

shows that, at the time of initial setting, the velocity development curves are 

already well defined for all concrete mixture. Therefore, While, at the time 

of final setting, the velocity development curves are under an asymptotic 

leveling. Thus it appears that surface wave velocity is suitable for 

monitoring strength gain in young concrete. Consistent surface wave velocity 

can be obtained from concrete after a few hours of casting, and such 

measurements are sensitive to developing strength up to final setting time. 

Thus surface wave velocity is indeed suitable for monitoring the hardening 

process of very young concrete.
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Figure 3.19 Surface wave velocities with initial and final setting time (MIX1)

Figure 3.20 Surface wave velocities with initial and final setting time (MIX2)
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Figure 3.21 Surface wave velocities with initial and final setting time (MIX3)

Figure 3.22 Surface wave velocities with initial and final setting time (MIX4)
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3.4 Strength Development for Early-age Concrete

3.4.1 Cylinder compressive test(KS F 2405)

  The second objective of this study is to investigate the feasibility of using 

surface wave velocity as means of estimating the in-place strength of 

concrete. For this purpose, cylinder compressive strength is estimated. 

Specimen is prepared according to KS F 2403, which has a diameter of 100 

mm and height of 200 mm as shown in Figure 3.23. All molds were 

covered with plastic sheets and stored at a controlled temperature (5, 15, 20, 

30, and 35 ℃) before the specimens were taken out of the molds. Cylinder 

compressive strength tests were performed every half to an hour interval 

while surface wave velocity monitoring. Three repetitive tests were 

conducted and its average values were adopted.

Figure 3.23 Dimension of specimen for cylindrical compressive strength test
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Figure 3.24 Concrete pouring for making specimens

Figure 3.25 Cylindrical compressive strength test
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3.4.2 Compressive strength results 

  During surface wave measurement were performed on each specimen, 

compressive strength was determined at time interval. At each time, three 

repetitive tests were conducted. The Figure 3.26 ~ 3.29 show the 

compressive strength data according to curing age for each mixture with 

different curing temperature (5, 15, 20, 30 and 35 ℃). Each data point is 

an average of the data obtained from three different test. From the test 

results it is observed that compressive strength increases with time, but it 

showed different increasing rate. The development was noticeably influenced 

by the curing temperature. The higher the curing temperature, the faster the 

strength development of concrete specimen. Comparing the compressive 

strength according to the curing temperature after curing time of 15 hr, it 

was found that concrete under 35 ℃ reached compressive strength of 

approximately 15 MPa. While concrete under 5 ℃ did not reached 

compressive strength of 2 MPa. 
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Figure 3.26 Strength development versus curing time with different 

curing temperature (5, 15, 20, 30 and 35 ℃) for MIX1

Figure 3.27 Strength development versus curing time with different curing 

temperature (5, 15, 20, 30 and 35 ℃) for MIX2
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Figure 3.28 Strength development versus curing time with different 

curing temperature (5, 15, 20, 30 and 35 ℃) for MIX3

Figure 3.29 Strength development versus curing time with different curing 

temperature (5, 15, 20, 30 and 35 ℃) for MIX4
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3.5 Formulation of Formula for Early-age Concrete 

Strength-Velocity

3.5.1 Comparison with previous research results

  Correlation between measurement data from fresh concrete and existing 

data from hardened concrete is shown in Figure 3.30. Experimental data 

from fresh concrete includes all data in this study from four type of 

concrete mixture under five curing temperature. During the fist 24 hours 

after concrete placing, compressive strength is developed up to about 10 

MPa, and surface wave velocity is observed to be around 2,000 m/s.  

Existing data from hardened concrete are also superposed in Figure 3.30. It 

is measurement data from previous researches (Shin et al., 2007; Popovics 

et al. 1998; Gallo and Popovics, 2005), which is presented in Figure 3.31. 

It is observed that measurement data in this study has good consistency 

with results of hardened concrete conducted from other researchers.

Figure 3.30 Correlation between measurement data of fresh concrete and 

existing data of hardened concrete
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Figure 3.31 Existing data for hardened concrete

3.5.2 General relationship between velocity and strength

  In order to predict the very early age compressive strength of concrete 

with respect to surface wave velocity, mechanical and empirical form of 

formula suggested in Chapter 2 are compared. Mechanical and empirical 

form of formula are shown in Eq.(3.1) and (3.2), respectively.

   
 (3.1)

  
 (3.2)

where,  is compressive strength (MPa),  is surface wave velocity 

(km/s).  and  are constant. 

  The comparison of mechanical form of formula and empirical form of 

formula is shown in Figure 3.32 and 3.33. The compressive strength was 

increased with the surface wave velocity in power function form in Figure 

3.32, and in exponential function form in Figure 3.33. Table 3.4 presents 
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constants from the regression and for each case. When empirical form of 

formula is applied, coefficient of determination( ) was found to be 0.9083 

for MIX1 ~ MIX4 and 0.6053 for previous results using hardened concrete, 

which is higher than those from mechanical form of formula.

Type
Mechanical form 

of formula

Empirical form of 

formula

constants
a = 0.2813

b = 5.3814

a = 0.0098

b = 3.412

Coefficient of 

determination

( )

MIX1~MIX4 0.7460 0.9083

Previous results using 

hardened concrete
0.5983 0.6053

Table 3.4 Comparison results between mechanical and empirical form of formula
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Figure 3.32 Applicability of the mechanical form of formula 

Figure 3.33 Applicability of empirical form of formula
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Figure 3.34 Applicability of the mechanical form of formula 

expressed in logarithmic scale on the vertical axis

Figure 3.35 Applicability of the empirical form of formula expressed 

in logarithmic scale on the vertical axis
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  The comparison of mechanical form of formula and empirical form of 

formula is again shown in Figure 3.34 and 3.35. In this case, logarithmic 

scale on the vertical axis was applied to compare the measured value with 

regression formula. The logarithmic scale on the vertical axis apparently 

shows that measured data show good agreement with empirical form of 

formula. Therefore, empirical form of formula is suggested for very early 

compressive strength and surface wave velocity relationship.

  The basic formula using all measurement data is expressed as exponential 

function form as

  
 (3.3)

where,  = compressive strength(MPa),  = surface wave velocity(km/s), 

  This basic formula also show good agreement with data from each 

mixture. Figure 3.36 ~ 3.39 show the comparison of the basic formula with 

each measurement data. The coefficient of determination for each concrete 

mixture were presented in Table 3.5. 

Coefficient of 

determination

( )

MIX1 MIX2 MIX3 MIX4

0.914 0.953 0.776 0.714

Table 3.5 Coefficient of determination for the each mixture
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Figure 3.36 Relationship between basic formula and measurement data at 

different curing temperature (MIX1)

Figure 3.37 Relationship between basic formula and measurement data at 

different curing temperature (MIX2)
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Figure 3.38 Relationship between basic formula and measurement data at 

different curing temperature (MIX3)

Figure 3.39 Relationship between basic formula and measurement data at 

different curing temperature (MIX4)
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3.5.3 Prediction of strength with surface wave velocity

  From Figure 3.36 ~ 3.39, it is observed that the curing temperature has 

significant effect on the relationship between early-age compressive strength 

and surface wave velocity. It is generally observed that compressive strength 

is recorded high than basic formula for temperature of 30 ℃ and 35 ℃, 

and low for temperature of 5 ℃. Accordingly, modified formula including 

coefficient of temperature effect is suggested as

  
 (3.4)

where,  is compressive strength (MPa),  is surface wave velocity 

(km/s),  is temperature coefficient.

  To consider temperature effect on the strength-velocity formula, 

measurement data for each mixture was subdivided as three subgroup. Group 

A consist of data from 30 ℃ and 35 ℃ which is reflected summer 

construction. Group B consist of data of 15 ℃ and 20 ℃ which is referred 

to as room-cured specimen. Group C consist of data from 5 ℃ which is 

referred to as winter construction. 

  Figure 3.40 and 3.41 show the best fit line together with 95 % prediction 

interval for MIX1 with each group. Temperature coefficient() and 

corresponding velocity for compressive strength of 0.2 MPa and 0.3 MPa 

are presented in Table 3.6.
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Figure 3.40 Relationship between surface wave velocity and compressive 

velocity (MIX1 - Group A)

Figure 3.41 Relationship between surface wave velocity and 

compressive velocity (MIX1 - Group C)
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Type
Temperature

(℃)
k  

Velocity

(km/s)

0.2 MPa 0.3 MPa

MIX1

30 ~ 35 1.2394 0.874 0.821 0.940

15 ~ 20 1.0955 0.901 0.857 0.976

5 0.52677 0.934 1.072 1.191

MIX2

30 ~ 35 1.1981 0.939 0.831 0.950

15 ~ 20 0.83825 0.95 0.936 1.054

5 0.40681 0.961 1.148 1.266

MIX3

30 ~ 35 2.4437 0.925 0.622 0.741

15 ~ 20 1.1207 0.567 0.851 0.969

5 0.64678 0.982 1.012 1.130

MIX4

30 ~ 35 2.3002 0.846 0.640 0.759

15 ~ 20 1.0433 0.943 0.871 0.990

5 0.41227 0.975 1.144 1.262

Table 3.6 Formula for individual mixture
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3.6 Summary

  In this chapter, measurement study is performed for the concrete during 

the first 24 hours after pouring. Surface wave velocity measurement was 

conducted considering various mixture. Penetration resistance test and 

compressive strength test accompanied to correlate with surface wave 

velocity. From the strength-velocity relationship, empirical formula estimating 

concrete strength is suggested. In that formula, mixture variation is 

neglectable. Also temperature effect to the formula is investigated. And 

coefficient considering temperature range is included to the supposed 

formula. 
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CHAPTER 4. 

EXPERIMENTAL VALIDATION STUDY FOR 

PROPOSED FORMULA

  In this chapter, experimental validation of proposed formula is presented. 

Optimal form removing for slipform operation is performed when bottom 

layer of concrete inside form reach its compressive strength of 0.2 ~ 0.3 

MPa (Reichverger, 1987). A general review of slipform system is given in 

the beginning. Following that, three times of concrete tower construction 

applying slipform operation is presented to validate the proposed formula. 

Concrete tower construction was conducted under various temperature. 

Accordingly proposed formula considering coefficient of temperature is 

validated. At every tower construction, ultrasonic transducer is installed at 

the bottom of the panel which concrete is poured inside.

4.1 Slipform Overview

  Slipform is a construction method in which concrete is placed while 

sliding continuously the slipform system using hydraulic jacks so that the 

concrete pylon is erected with a uniform shape without construction joint. 

Besides, slipform has the advantage provided by technique are the safety in 

aerial construction works and large scale construction, the remarkable 

durability of structures owing to the absence of construction joints and the 

possibility to work 24 hours a day which prevent construction delays caused 

by the curing time of concrete. The election is conducted by the hydraulic 

jack embedded in concrete. Once concrete has developed early strength 
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enabling it to stand by itself after place, lift-up can be possible.

  Figure 4.1 shows the slipform configuration. The slipform system is 

composed of the forms, yokes, automated jacking devices, and three floor of 

platform. The forms are member used to shape poured concrete and 

constituted by a number of panels linked to have a shape identical to the 

structure to be constructed. The yokes are members framing the slipform 

and support the whole system including the forms and working platform. 

The automated jacking devices are composed of hydraulic jacks and rod and 

fulfill the vertical slip-up of the yokes and the form system suspended to 

the yokes. Following, the hydraulic jacks shall have sufficient capacity to 

lift the weight of the whole system and sustain the working loads. The 

hydraulic jacks are installed at the center of the yokes and rods pass 

through the jacks and embedded in concrete. The platform has 3 levels 

composed respectively by a deck, working deck and hanging deck.

Figure 4.1 Slipform configuration



- 77 -

  In Korea, slipform was applied for the construction of the pylon of 

Seohae Bridge (height of 182 m), Machang Bridge (height of 164 m), and 

Yi Sun-sin Bridge (height of 270 m).

Figure 4.2 Main tower of Seohae Bridge

Figure 4.3 Main tower of Machang Bridge

<From http://envico.biz>



- 78 -

Figure 4.4 Main tower of Yi Sun-sin bridge

  Assembly of the slipform and construction sequence is shown in Figure 

4.5. As preliminary works for the installation of the slipform system, the 

reinforcement bar of the pylon are arranged and the foundation forms are 

installed to proceed to the placing of the concrete of the foundation. The 

main members are installed after temporary assembly on the working 

platform. Steel panels are combined to constitute the form panels. After 

completing the system assembly, rebar and embedment are placed. Once 

initial setting of concrete start starts after a certain period of time after 

placing, slip-up of the form is executed continuously stroke by stroke(1 

stroke = ±25 mm/10-15 min). Figure 4.6 shows concrete layers within form 

of slipform. Slip-up is conducted so as to maintain the whole length of the 

form with a proportion of 1/4 of hardened concrete and 3/4 of fresh 

concrete in order to prevent the occurrence of horizontal crack and plastic 

deformation at the surface of concrete and contribute to the stability of the 

form against weather conditions.
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Figure 4.5 Construction sequences for concrete using slipform

Figure 4.6 Concrete layers within form of slipform
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4.2 Concrete Construction with Slipform in Summer

  Tower for the first experimental validation has solid rectangular shape. 

The dimension is 0.4 m in width, 0.4 m in length, and 1.2 m in length, 

which is the reduced-scale model test of the slipform system. Figure 4.7 

shows experimental setup. A pair of ultrasonic transducer is installed at the 

bottom of panel, as shown in Figure 4.8, and surface wave velocity 

propagating surface of concrete is measured. Table 4.1 presents material 

properties of concrete for construction. It is same concrete mixture with 

MIX1 in chapter 3.

Figure 4.7 Experimental setup 
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Figure 4.8 Installation of device for surface wave velocity measurement

Figure 4.9 Concrete tower construction using slipform in summer 
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Type
W/C

(%)

S/A

(%)

FA

(kg)

SU

(kg)

C

(kg)

S

(kg)

G

(kg)

MIX1

(40MPa)
35.4 46 - 4.75 475 760 935

Table 4.1 Mixture proportion per m3 for tower construction

  Temperature record shows that a high with 31.1 ℃ and low with 21.5 ℃ 

during construction period. Proposed formula for MIX1 considering 

temperature coefficient is presented as Eq.(4.1). Velocity range for slipform 

operation is determined as the velocity corresponding compressive strength 

between 0.2 MPa and 0.3 MPa considering temperature range. Accordingly, 

required velocity range for slipform operation is 1,044 ~ 1,163 m/s

  
 (4.1)

where,  is compressive strength,  is surface wave velocity, and  is 

temperature coefficient.

  Figure 4.10 presents the velocity with time during construction period. A 

pair of ultrasonic transducer is attached at the bottom of the form of 

slipform to measure surface wave velocity. The surface save velocity 

increases with the hardening of the concrete inside panel. When surface 

wave velocity ranges 1,044 and 1,163 m/s, concrete reaches its compressive 

strength of 0.2 ~ 0.3 MPa. After form removing, concrete reached its 

required compressive strength is exposed and surface wave velocity 

measured go down due to newly fresh concrete. Figure 4.14 shows the 

surface of concrete exposed whose surface wave velocity is below than 

proposed formula. Accordingly, proposed formula in this study play 

minimum requirement for concrete quality control.
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Figure 4.10 Surface wave velocity monitoring during construction period

Figure 4.11 Concrete in the beginning of construction
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Figure 4.12 Concrete in the middle of construction

Figure 4.13 Construction completed
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Figure 4.14 Concrete surface after early stripping than expected value from 

proposed formula
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4.3 Concrete Construction with Slipform in Fall

4.3.1 Configuration of the tower

  The considered structure using slipform operation in fall is a 10 m-high 

tower with rectangular and hollow section commonly adopted in 

cable-supported bridges. The configuration of a tower and slipform in fall 

operation is shown in Figure 4.15. The dimensions of the tower at the foot 

are 4.0 m x 4.0 m with thickness of 0.6 m. For the top elevated at 10.0m 

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 4.15 Configuration of a tower and slipform
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4.3.2 Slipform system with ultrasonic module

  Slipform for the tower construction is constituted various members 

including ultrasonic module to monitor the velocity of surface wave within 

the panel. The slip form is composed of yokes, form panels and walers, 

working platform, lifting device and spindles to adjust the perimeter of slip 

form assembly to match the sectional change. The pylon considered in this 

construction presents a section and thickness varying with the height. 

Therefore, the slip form members were designed to accommodate the tapered 

section and varying thickness. Ten yokes are disposed considering the size 

of the pylon. The yokes are composed of the yoke legs constituting the 

vertical members, the yoke channels constituting the horizontal members and 

the top yoke channels. Form panels and walers are arranged to support the 

lateral pressure caused by the placing of concrete and to maintain the shape 

of concrete. 

  Figure 4.16 shows preliminary works for the installation of the slip form 

system. The reinforcement bars of the pylon were arranged and the 

foundation’s forms were installed to proceed to the placing of concrete of 

the foundation. 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, as shwon in Figure 4.17. The 

devices for the measurement of the surface wave velocity were installed at 

the bottom of the GFRP panels as shown in Figure 4.18. In order to 

measure the surface wave velocity on every section, the devices were 

installed on the 4 faces. Figure 4.20 shows the slip form system after 

completed assembly. This system is equipped with a 3-level working 

platform. The lower level being used for the placing of concrete and 

slip-up, this level was installed after having secured sufficient height for its 

installation. The form panels present a height of 1.25 m. The ultrasonic 

module was attached to the bottom of the panel by applying the slipform 
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optimizer lift technique.

Figure 4.16 Arrangement of reinforcement and installation of 

foundation forms 

Figure 4.17 Form panel for hollow section
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Figure 4.18 Installed ultrasonic module at the bottom of panel

  

Figure 4.19 Enlarged picture of ultrasonic module
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Figure 4.20 Assembled slipform system

4.3.3 Velocity for the slipform operation

  The concrete used in the tower construction is Ordinary Portland Concrete 

(OPC) which was applied at the Yi Sun-sin Bridge construction. The 

mixture proportion is same as MIX1 in Chapter 3. The detailed mixture 

proportion is shown in Table 4.2.

Type
W/C

(%)

S/A

(%)

FA

(kg)

SU

(kg)

C

(kg)

S

(kg)

G

(kg)
MIX1

(40MPa)
35.4 46 - 4.75 475 760 935

Table 4.2 Mixture proportion per m3 for a tower construction
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  According to the analysis in the chapter 3, the supposed  formula is 

affected by temperature. It means that the velocity must be different to 

estimate the same strength depending on the ambient temperature range. 

Figure 4.21 shows temperature range during construction period.

Figure 4.21 Temperature range during construction period

  Proposed formula for MIX 1 is shown as Eq.(4.2). Table 4.3 shows the 

corresponding temperature coefficient and velocity range. Considering that 

the ambient temperature range is 5 ~ 15 ℃, the velocity range required for 

slipform operation is determined as 1,133 ~ 1,399 m/s.

  ∙ exp  (4.2)
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Temperature k
Velocity (km/s)

0.2 MPa 0.3 MPa

30 ~ 35℃ 0.579 1.044 1.163

15 ~ 20℃ 0.458 1.113 1.232

5 ℃ 0.259 1.280 1.399

Table 4.3 Operation range for slipform considering temperature 

4.3.4 Slipform operation by surface wave velocity

  The surface wave velocity was measured at the bottom of the formwork 

and the surface wave velocity was continuously measured during the 

slipform application. The first slip-up was carried out 11 hours after the 

start of the initial casting. The corresponding velocity was 1,280 m/s. It is 

included the velocity range suggested. The first slip-up was performed based 

on the surface wave velocity from ultrasonic module. 

  Figure 4.22 shows the surface wave velocity changes monitored from the 

ultrasonic module. In this figure, the surface wave velocity increases 

steadily, and when the slip foam is raised after reaching a certain level, the 

surface wave velocity decreases sharply. The arrows indicate the period of 

rapid decrease in surface wave velocity, which corresponds to the rise time 

of the slipform system.
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Figure 4.22 Surface wave velocity monitoring during construction

  As a result, the slip foam system was elevated up to 10 m in height 

based on the surface wave velocity. As a result, a good concrete surface 

was obtained in all the sections raised after the set surface wave velocity. 

Therefore, it was confirmed suggested formula shows the validity of 

slipform operation in the field.

Figure 4.23 Tower in the beginning of construction
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Figure 4.24 Tower in the middle of construction 

Figure 4.25 Completed tower construction
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4.4 Concrete Construction with Slipform in Winter

4.4.1 Configuration of the tower

  The considered structure using slipform operation in winter is presented in 

Figure 4.26. In general, the bridge pylon has two towers, and the tower 

section decreases from the bottom to the top. The inner distances of both 

towers are constant at H-shaped pylons but vary in some other types of 

pylons depending on the height of the pylon. 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 10.0m height, the dimensions are 4.0 m x 3.67 m with thickness 

of 0.6 m on 3 faces and 0.55 m on one face. The inner distance of both 

towers was changed according to the height of the main tower. The distance 

between the towers is 6 m on the ground and 5.5 m on the 10 m

Figure 4.26 Configuration of towers and slipform system
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4.4.2 Slipform system with ultrasonic module

  The slipform system consisted of a member for the rise of the formwork, 

a member for maintaining the shape of the pylon, a member for adjusting 

the length and thickness of the wall, a member for adjusting the spacing 

between the towers, and a working platform. A yoke and a hydraulic jack 

were placed to raise the form. The panel and waller are members for 

maintaining the side pressure of the concrete and the shape of the pylon. In 

order to adjust the distance between the towers, a lattice girder is installed 

to connect the slip foam system installed in each tower in the horizontal 

direction. The working platform is consisted of three stages: an upper, a 

middle, a lower working platform.

Figure 4.27 Arrangement of reinforcement and installation of 

foundation forms 
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Figure 4.28 Arrangement of waler and panel

Figure 4.29 Installation of lattice girder



- 98 -

Figure 4.30 Assembled slipform system

4.4.3 Velocity for the slipform operation

  The concrete used in the tower construction is Ordinary Portland Concrete 

(OPC) which was applied at the Yi Sun-sin Bridge construction. The 

mixture proportion is same as MIX1 in Chapter 3. The detailed mixture 

proportion is shown in Table 4.4.

Type
W/C

(%)

S/A

(%)

FA

(kg)

SU

(kg)

C

(kg)

S

(kg)

G

(kg)

MIX1

(40MPa)
35.4 46 - 4.75 475 760 935

Table 4.4 Mixture proportion per m3 for tower construction

  According to the analysis in the chapter 3, the supposed  formula is 

affected by temperature. It means that the velocity must be different to 

estimate the same strength depending on the ambient temperature range. 

Figure 4.31 shows temperature range during construction period.
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Figure 4.31 Temperature range during construction period

  Surface wave velocity for this tower construction should be determined 

taking into the outside temperature range of -2 to 15 ℃. Proposed formula 

for MIX 1 is shown as Eq.(4.3). Table 4.5 shows the corresponding 

temperature coefficient and velocity range. Considering that the ambient 

temperature range is –2 ~ 15 ℃, the velocity range required for slipform 

operation is determined as 1,280 ~ 1,531 m/s.

  ∙ exp  (4.3)
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Temperature k
Velocity (km/s)

0.2 MPa 0.3 MPa

30 ~ 35℃ 0.579 1.044 1.163

15 ~ 20℃ 0.458 1.113 1.232

5 ℃ 0.259 1.280 1.399

-2 ℃ 0.166 1.413 1.531

Table 4.5 Operation range for slipform considering temperature 

4.4.4 Slipform operation by surface wave velocity

  The surface wave velocity was measured at the bottom of the formwork 

and the surface wave velocity was continuously measured during the 

slipform application. The first slip-up was carried out 11 hours after the 

start of the initial casting. The corresponding velocity was 1,280 m/s. It is 

included the velocity range suggested. The first slip-up was performed based 

on the surface wave velocity from ultrasonic module. 

  Figure 4.32 shows the surface wave velocity changes monitored from the 

ultrasonic module. In this figure, the surface wave velocity increases 

steadily, and when the slip foam is raised after reaching a certain level, the 

surface wave velocity decreases sharply. The arrows indicate the period of 

rapid decrease in surface wave velocity, which corresponds to the rise time 

of the slipform system.
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Figure 4.32 Surface wave velocity monitoring during construction

  As a result, the slip foam system was elevated up to 10 m in height 

based on the surface wave velocity. As a result, a good concrete surface 

was obtained in all the sections raised after the set surface wave velocity. 

Therefore, it was confirmed suggested formula shows the validity of 

slipform operation in the field.

Figure 4.33 Installed ultrasonic module at the bottom of panel
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Figure 4.34 Towers in the beginning of construction

Figure 4.35 Towers in the middle of construction
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Figure 4.36 Construction completed

4.5 Summary

  Concrete strength estimation based on surface wave velocity was applied 

to slipform operation. During the construction period, lifting of slipform was 

decided according to the surface wave velocity which is achieved from the 

ultrasonic module installed at the bottom of the panel. For the operation of 

slipform under temperature range of 5 ~ 15 ℃, suggested velocity range for 

form removing is 857 ~ 1,191 m/s. Therefore slipform was operated based 

on the velocity range. Tower with a height of 10m was successfully 

constructed. It shows the validity of proposed formula.
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CHAPTER 5

CONCLUSIONS AND FUTURE WORKS

5.1 Conclusions

  This study suggested an experimental formula predicting very early-age 

concrete strength by means of surface wave velocity. From the experimental 

and numerical studies, the following conclusions are drawn.

(1) The relationship between concrete compressive strength and surface wave 

velocity is presented through theoretical and empirical investigation, and an 

empirical formula is proposed. The mechanical model formulated from 

theoretical approach has limitation in that the compressive strength is 

expressed by means of material constants representing the nonlinear 

characteristics of concrete. Besides, the empirical formula is based on 

existing research results. Most of the previous empirical formulae express 

the compressive strength as power function of the surface wave velocity. In 

this study, the ultrasonic transducer is installed in the wall side with 

mounting acrylic panel. Unlike the Rayleigh wave velocity, this allows the 

surface wave velocity propagating between two media to be considered. The 

FE simulation is conducted to compare the surface wave with the Rayleigh 

wave and reveals a difference between surface wave velocity and Rayleigh 

wave velocity including material uncertainties lesser than 5 %. This indicates 

the similarity of the surface wave velocity and Rayleigh wave velocity, and 

the negligible effect of the acrylic panel used for mounting the ultrasonic 

transducer on the velocity. 
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(2) Measurement was performed on concrete during the first 24 hours after 

pouring. Surface wave velocity measurement was conducted considering 

various mixtures. Penetration resistance test and compressive strength test 

were also performed to correlate the surface wave velocity. An empirical 

formula estimating concrete strength was suggested based upon the 

so-obtained strength-velocity relationship. The proposed formula neglects the  

mixture variation but includes the temperature effect by means of a 

coefficient considering the temperature range. 

(3) Validation test for the suggested empirical formula was conducted. Since 

the formula accounts for the temperature effect, the validity of slipform 

operation is verified for various seasonal conditions. 

5.2 Future Works

  On the basis of present work, it was found that proposed formula is 

effective to evaluate the compressive strength of concrete at early-age. In 

order to improve the accuracy of the prediction, the followings might be 

considered for further studies. 

� The numerical simulation showed that the velocity difference between 

surface waves and Rayleigh waves including material uncertainties is less 

than 5 %. Unlike hardened concrete, fresh concrete shows plastic 

viscosity. Studies on numerical simulation incorporating plastic viscosity 

of fresh concrete is worth of investigating.

� The relationship between compressive strength and surface wave velocity 

was investigated through four different concrete mixtures. In order to 

promote the field applicability of the formula, discursive concrete mixture 

shall be considered in the future.

� The temperature varied from 5 to 35 ℃ in the measurement. However, 

the validation tests were conducted even below zero degree. In order to 
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reflect the various environments that may occur in the actual field, it is 

necessary to consider various temperature ranges in the experiment.
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초록

이 논문은 콘크리트 타설 공법인 슬립폼 운용을 위한 표면파 속도 기

반의 콘크리트의 초기 강도 평가식을 제안한다. 슬립폼 공법은 거푸집

제거에 요구되는 콘크리트 강도가 0.2 ~ 0.3 MPa 로 매우 작으며, 연속

적인 압축강도 평가가 이루어져야 한다. 하지만 현장에서는 지금까지 슬

립업에 요구되는 콘크리트 초기 강도 판별에 있어서 숙련된 노무자의 경

험적인 판단에 의존해 왔으며, 관련 연구가 진행되지 않았다. 이 연구에

서는 슬립폼 거푸집 내에 초음파 탐촉자를 설치하고, 탐촉자로부터 측정

된 표면파 속도 크기를 이용하여 콘크리트의 초기 강도를 평가하기 위한

실험적 연구를 수행하였다. 이를 위하여 다양한 배합과 양생 온도를 고

려하여 타설 후 24 시간 동안 콘크리트 양생 정도에 따른 표면파 속도와

압축강도를 측정하였으며, 이를 바탕으로 표면파 속도에 기반한 콘크리

트 강도 평가식을 제시하였다. 제안된 평가식은 기존의 숙련된 경험자의

노하우에 근거하여 운용된 슬립폼 시스템에서 표면파 속도와 비교하였

다. 콘크리트의 양생 정도가 타설 온도에 영향을 크게 받기 때문에 제안

식의 실험적 검증을 위한 슬립폼 시공은 다양한 온도 조건을 고려할 수

있도록 계절별로 수행하였다. 그 결과, 이 논문에서 제안하는 콘크리트

강도 평가식은 슬립폼 운용시 슬립업에 요구되는 콘크리트의 초기 강도

평가에 적용성이 큰 것을 확인할 수 있었다.

주요어: 슬립폼 공법, 표면파속도법, 콘크리트 압축강도

학번: 2009-30233
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