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ABSTRACT

The addition of chemical inert filler in blended cement, such as limestone or chemical inert silica 
fume, will produce a physical effect on cement hydration. Due to the high surface area of inert 
filler in the mixtures, it provides sites for the nucleation and growth of hydration products, thus 
improving the hydration rate of cement compounds and consequently increasing the strength at 
early age. This paper proposes a model of hydration of Portland cement blended with chemical 
inert filler. This model considers the influence of water to cement ratio, cement particle size, 
cement composition and addition of chemical inert filler on hydration. The heat evolution, degree of 
hydration and porosity are obtained as accompanied results in hydration process. The prediction 
results agree well with experiment results.

1. In tro cu ti o n

The mineral admixture, such as silica fume, fly ash and blast furnace slag, is widely used in 
construction site. As reported in reference [1-4], there exist three effects of mineral admixtures on 
hydration, i.e. dilution effect, physical effect and chemical effect (pozzolanic effect). The dilution 
effect is a consequence of the replacement of cement by the same quantity of a mineral powder. 
The increase in the amount of mineral admixture involves a decrease in the amount of cement 
and consequently an increase in water/cement ratio. As far as cement hydration is concerned, the 
physical effect is heterogeneous nucleation effect. Heterogeneous nucleation is a physical process 
leading to a chemical activation of the hydration of cement and is related to the nucleation of 
hydrates on foreign mineral particles. Since heterogeneous nucleation leads to an enhancement of 
cement hydration, its effect at a given time is an increase in the compressive strength. This 
physical effect depends essentially on the fineness and the amount of the powders used. Chemical 
effect (pozzolanic effect) is noticed after periods of a few days (e.g., silica fume) to several 
months (some fly ash or natural pozzolans), depending principally on the amount and solubility of 
amorphous silica in the material.

In reference [5-7], based on thermogravimetric analysis(TGA), the derivative thermogravimetric 
analysis(DTA) and BSE image analysis, it was found that the mass of limestone powder does not 
change even at hydration age of 28 days and limestone powder can be treated as inert in the 
mixture at the micro level. So that the influences of limestone filler on cement hydration are 
dilution effect and heterogeneous nucleation effect. The addition of limestone filler improves the 
hydration rate of cement compounds and consequently increasing the strength at early age. To 
predict early-age properties of concrete containing limestone filler in construction site, it is 
necessary to quantitatively evaluate hydration rate. This paper proposes a model of hydration of 
Portland cement blended with chemical inert filler. This model considers the influence of water to 
cement ratio, cement particle size, cement composition and addition of chemical inert filler on 
hydration. The heat evolution, degree of hydration and porosity are obtained as accompanied 
results in hydration process. The prediction results agree well with experiment results.
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ABSTRACT

Recently the Near Surface Mounted (NSM) method has been proposed to improve disadvantage 

of externally bonded strengthening to the concrete structure method. But the NSM method 

showed the limit that it is difficult to assure of depth of concrete-cover in surface of structure. 

With this reason, this study suggests the Stirrup-Cutting Near Surface Mounted (CNSM) 

Method which can ensure to have the strengthening depth even thought it was hard to apply 

the NSM method to the deteriorated surface of concrete. In the result of the test, the flexural 

behavior of the structure applying the NSM and CNSM method was similar and it was 

evaluated that the effective strengthening length of reinforcement for NSM and CNSM method 

was more than 70% of span.

요  약

 최근 외부부착공법의 단 을 보완하기 해 보강면에 홈을  후 FRP보강재를 삽입하여 보강할 

수 있는 NSM공법이 연구되고 있다. 하지만 기존 NSM공법은 노후화된 콘크리트 구조물의 경우 피

복의 손상 등 단면 손실로 보강깊이의 확보가 어렵다는 문제가 있다. 따라서 본 연구에서는 교축직

각방향 단철근 하부를 단하여 CFRP plate를 매립함으로써 보강깊이를 확보할 수 있는 stirrup

단형 CNSM 공법을 제안하고 이를 용한 구조물의 휨거동을 분석하고자 한다. 이를 해 보강공

법에 따른 하 -변  계, 보강길이에 따른 구조물과 보강재의 거동을 분석하 다. 실험결과 

CNSM공법을 용한 보 구조물의 휨거동은 기존 NSM공법을 용한 휨거동과 유사한 경향을 나타

내었다. 한 CFRP plate를 이용한 NSM과 CNSM공법에서는 보강길이가 순경간의 70%이상이 되

어야 보강재의 성능이 효과 으로 발휘될 수 있음으로 분석되었다.

CFRP plate를 용한 CNSM 공법의 보강길이에 따른 

휨 보강성능 연구

Flexural Strengthening Capacity of Concrete Beam applying

the Stirrup-Cutting Near Surface Mounted(CNSM) Method

 with the Various Strengthening Length of the CFRP plate.
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2. Mo de li n g  o f Po rtla n d ce me n t hy dra ti o n

2.1 Hydration model

The hydration model is expressed as a single equation composed of four rate coefficients. These 
coefficients determine the rate of formation and destruction of the initial impermeable layer, the 
activated chemical reaction process, and the following relevant, diffusion-controlled process. The 
model cement particle is assumed to be a sphere having an initial surface film composed of 
hydration products. External water diffuses through this layer, reacts with fresh cement, and then 
the newly formed hydration products diffuse outward. The process is considered to be mass 
transfer controlled so that the rate of water diffusion determines the hydration rate and is 
expressed as follows:
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where α  denotes the hydration degree of the mineral component in given cement particles, v  is 

the stoichiometric ratio by the mass of water to mineral component, agw  is the physically bound 

water that is equal to 13% of the weight of reacted cement, ρ  is the density of the anhydrate 

cement mineral component, dk  is the reaction coefficient in a dormant period, 0
r  is the radius of 

anhydrate cement particles, eD  is the effective diffusion coefficient of water in the hydration 

product for each mineral component, and rk  is the coefficient of reaction rate for each mineral 

component. The influence of temperature on the reaction rate can be considered by the Arrhenius 
law [8]. 

Whereas, dk  is assumed to be a function of degree of hydration during initial reaction period 

and it is expressed as following equation (2):
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The effective diffusion coefficient of water is affected by the tortuosity of the gel pores as well 
as the radius of gel pores in the hydrate. This phenomenon can be expressed as a function of 
degree of hydration and is described by equation (3):
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2.2 Water withdraw mechanism

The illustration of water withdraw mechanism is shown in figure 1. During the hydration 
period, at a certain time point after the initial setting time, due to the increasing interconnection 
among cement particles, the contact area between cement particle and surrounding water will be 
decreased. As a result, the slower hydration rate will be achieved. On the other handthe available 
space for packing of cement hydration products will be decreased because the volume of hydration 
products volume is 2.2 times bigger than the volume of the original cement. As proposed by Park 
[8] and Breugel [9], the water presenting in the paste can be classified into evaporable and 
non-evaporable fractions. The former is the capillary water and the gel water that resides partially 
within the hydration product. The non-evaporable water is defined as the bound water which has 
chemically reacted with cement. During hydration process, only the capillary water contributes to 
further hydration. With the increasing of gel-space ratio, the capillary water will be consumed and 
the relative hydration rate will be decreased. By considering these two points, the modifications of 
equation (1) can be expressed as equation (4):
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Fi g . 1 i llu s tra ti o n  o f wa te r wi thdra w me cha n i s m

In equation (5), the item 
( )
freesurface

totalsurface  is the ratio between the free surface area (the area which 

contact with water) and the total surface area. 0
w  is water content and 0

Ce  is cement content in 

mixing proportion. The item 
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 considers the decreasing of available space for 

packing of cement hydration products.

3. Mo de li n g  o f hy dra ti o n  o f Po rtla n d ce me n t ble n de d wi th che mi ca l i n e rt fi lle r

In this part, the experimental results in reference [5] are usedto verify the proposed model. The 
mixing proportions and experimental results of heat evolution rate are shown in table 1 and figure 
2, respectively. As shown in figure 2, it is obvious that the heat evolution rate of cement is 
accelerated due to addition of limestone. This acceleration can be attribution to dilution effect and 
physical effect (acceleration of heterogeneous nucleation of cement hydration). Based on regression 
of heat evolution, the parameters of B,C, De and kr  of Portland cement blended with chemical 
inert filler can be obtained. The comparison between simulation results and experimental results is 
shown in figure 3. As shown in figure 3, the prediction results, including heat evolution and 
porosity, general agree well with experimental results. 

4. Co n clu s i o n  

The proposed simulation method in this paper can consider both dilution effect and the 
acceleration of heterogeneous nucleation during hydration of cement blended with chemical inert 
filler. The heat evolution, degree of hydration and porosity are obtained as accompanied results in 
hydration process. The prediction results agree well with experimentalresults.
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Fi g u re  2. e xpe ri me n ta l re s u lt o f he a t e vo lu ti o n  ra te

(a) heat-tc (b)heat-scc01 (c)heat-scc02

(d)porosity-tc (e)porosity-scc01 (f)porosity-scc02

Fi g u re  3 the  co mpa ri s o n  be twe e n  s i mu la ti o n  re s u lts  a n d e xpe ri me n ta l re s u lts
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