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Abstract: Fracture energy tests were carried out on Portland blast furnace cement-type B (BB) 

concrete where as an internal curing material, partial replacement of 20% of the total course 

aggregate volume was carried out with porous ceramic-roof material waste aggregate (PCA). In 

addition, the effects of PCA on the shear strength of reinforced concrete (RC) beams of effective 

depth 210mm and 250 mm were also investigated. The results showed that PCA contributed to 

improved compressive, splitting tensile strengths as well as fracture energies. However, the effect of 

internal curing with PCA on shear strength of RC beams was not observed. 
 

1 INTRODUCTION 

The blast furnace slag cement (BB) concrete 

usually needs a longer wet curing treatment at 

the early ages to develop the required 

performances [1]. If sufficient wet curing is 

carried out on BB concrete at early age, the 

strength and durability properties of concrete 

are improved in the long term.  

On the other hand, reduced construction 

periods and costs may lead to inadequate wet 

curing of concrete. For this reason, the 

development of a new and effective curing 

method is necessary. 

In the past, studies on application of 

artificial light-weight aggregate or super 

absorbent polymer particle as an internal curing 

material have been actively carried out for the 

purpose of reducing early age shrinkage of low 

water to cement (W/C) ratio concrete [2]. This 

internal curing technique may be effective in 

improving the qualities of BB concrete which 

requires adequate wet curing at early ages. 
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In Chugoku district of Western Japan 

“Sekishu Kawara”, which is a roof material 

made of clay, about 200,000 tons per year of 

this material are produced, 10% of which is 

demolished due to thermal cracking induced 

damage, and expected to be recycled. This 

waste aggregate designated as porous ceramic  

course aggregate (PCA) hereafter, has a 

crushing value of 20% which is an intermediate 

value [3] between artificial light weight 

aggregate at 40% and natural aggregate at 10%. 

This PCA has been reported to be effective in 

improving the performances of BB concrete in 

drying condition in terms of strength, porosity 

as well as mitigating chloride penetration [4]. 

However, in order to utilize PCA as a 

structural concrete material, there is need to 

understand its effects on shear properties of 

Table 1 Material properties 

 
 

Table 2 Mixture proportions 

 
 

 

 
Fig 1 Outline of fracture energy test specimen Fig 2 Dimensions and configurations of Series I RC 

beam 

  

 
Fig 3 Dimensions and configurations of Series II RC beam 
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reinforced concrete (RC), especially the shear 

properties of RC beams, due to the disastrous 

and unpredictable nature of shear failure in 

concrete. 

Based on the above discussions, the present 

study aims to investigate the effects of 20% 

volume replacement of natural aggregate with 

PCA on the fracture energy as well as the shear 

properties of BB concrete. 

2 TEST PROGRAM 

2.1 Materials and mixture proportions 

Table 1 lists the material properties of the 

materials used in the present study. Portland 

blast furnace cement-type B (BB) was used as 

reference concrete for comparison with BBC 

where part of the course aggregate (NCA) was 

replaced with PCA. The PCA was 8-9% in 

water absorption rate after being immersed for 

7 days. Crushed sand (quartz) was used as fine 

aggregate and crushed gravel (NCA) was used 

as coarse aggregate. 

Table 2 tabulates the mixture proportions of 

the two types of concrete prepared in this study. 

The water to cement ratio was fixed at 0.5. 

BBC-G20 denotes BB concrete whose 

replacement ratios of PCA is 20% of the total 

volume of course aggregate. The total amounts 

of water absorbed in PCA was 15.3kg/m
3
 for 

the above mixture proportions. In the case of 

RC beams, BB concrete beams are denoted as 

RBBC, while BB concrete beams with PCA are 

denoted as RBBC-G20. 

High strength deformed steel bars (fy ≥

1080N/mm
2
) were used to induce shear failure 

in Series I RC beams while Series II RC beams 

were designed such that the flexural capacity 

was almost equal to the shear capacity. 

 2.2 Specimens 

The size and dimensions of the fracture 

energy test specimens are shown in Fig. 1. For 

each mixture proportion, 8 specimens were 

prepared.  

In order to investigate the effect of PCA and 

fracture energy on shear strength of RC beams, 

2 types of RC specimens of effective depths 

250 mm (Series I) and 210mm (Series II) for 

each mixture proportion were prepared. For 

each effective depth, 2 RC beams were 

prepared. The size and dimensions for these 

specimens of effective depth 250mm (Series I) 

are shown in Fig 2, while those of 210mm 

(Series II) are shown in Fig. 3. 

Cylindrical specimens of φ100×200mm for 

compressive strength and Young’s Modulus, 

φ150×200mm for splitting tensile stength tests 

were also prepared. 

2.2 Exposure Condition 

The specimens were covered with aluminum 

adhesive tape and wet fabric immediately after 

casting to avoid early water loss through 

evaporation. All the specimens were demolded 

at age 7 days and exposed to air of 7.9℃ and 

humidity 52.5% on average.  

2.2 Loading and measurements 

The fracture energy tests were carried out in 

accordance to Japan Concrete Institute 

Standard (JCI-S-002-2003) [5]. The tests were 

carried out at almost the same age as the 

loading age of the RC beams in both Series. 

In each specimen, a notch at the mid-length 

to a depth of 50mm, as shown in Fig. 1 was 

made. Loading was carried out using capacity 

100kN displacement controlled loading 

apparatus. 

In order to eliminate torsional action on the 

specimen, the loading block and one of the 

supports were rotatable around their axes in the 

direction coincidental with the specimen axis. 

Both supports were hinged with rollers. The 

crack opening displacement (COD) was 

measured using a clip gauge of accuracy 

1/1000mm. The fracture energies of the 

specimens were obtained using Eq. (1), while 

the characteristic lengths were also obtained 

using the Eq. (2) below.  

lig

f
A

WW
G 1075.0 +

=  (1)

 

Where, 
 Gf: Fracture energy (N/mm

2
) 

 W0: Area below COD curve up to 

rupture of specimen (Nmm) 
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W1: Work done by deadweight of specimen 

and loading jig (Nmm) 

 Alig: Area of broken ligament (mm
2
) 

 
(2) 

Where,   

 Gf = Fracture energy (N/mm
2
) 

 Ec = Young’s modulus (N/mm
2
) 

 ft = Tensile strength (N/mm
2
) 

  

All the RC beams were loaded 

symmetrically with two concentrated loads, as 

shown in Fig. 2 and Fig. 3. The shear span 

length to effective depth ratio (a/d) was fixed to 

3.0 for Series I RC beams and 3.1 for Series II 

beams. 

Deflection at the center section of the RC 

beams was measured using displacement 

transducers with minimum graduations ranging 

from 0.001 mm to 0.005 mm. 

3. RESULTS AND DISCUSSIONS 

3.1 Strengths and Young’s Modulus 

The effects of internal curing on the 

compressive strengths are shown in Fig. 4(a). 

From this figure, the strengths of the internally 

cured BBC-G20 were observed to be slightly 

lower at early ages, but after the age of 7 days, 

the strengths increased significantly compared 

to those of reference mixture BB. This increase 

in strengths can be attributed to the internal 

curing effect of PCA. 

The relationship between splitting tensile 

strengths and compressive strengths for both 

the internally cured BBC-G20 and reference 

mixture BBC are shown in Fig. 4(b). The 

regression curves of both mixtures obtained 

2

t

fc

ch
f

GE
l =

  
 

(a) Relationship between 

compressive strengths and age 

(b) Relationship between splitting 

tensile strength 

and compressive strength 

(c) Relationship between Young’s 

modulus and age 

Fig. 4 Effects of internal  curing of PCA on the strengths and Young’s modulus of concretes 

 

  
(a) Relationship between load and crack opening 

diplacement (Series I) 

(b) Relationship between load and crack opening 

diplacement (Series II) 

Fig 5 Effects of internal curing on fracture energies of concretes 
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using the method of least squares are also 

shown. Due to variation of the experimental 

values of both mixtures, the splitting tensile 

strengths were obtained from the regression 

curves. 

The effect of internal curing on the Young’s 

modulus of concrete is shown in Fig. 4 (c). 

From this figure, there was no observable effect 

of PCA on the Young’s moduli of the internally 

cured concretes compared to those of BBC. 

3.2 Fracture energy 

 The effects of internal curing on the fracture 

energies of concretes in series I and II are 

shown in Fig 5 (a) and (b). The average 

fracture energies and characteristic lengths of 

the internally cured BBC-G20 as well as those 

of BBC are shown in the legend. The values of 

fracture energies and characteristic lengths that 

varied widely were considered as experimental 

errors and were not included in the average 

values. The fracture energies of the BBC-G20 

increased by approximately 20% compared to 

those of BBC. From the figures, it can be 

observed that the fracture energies of BBC-G20 

increase in the micro cracking zone and reduce 

slightly in the bridging zone compared to those 

of BBC, in the case of Series I while in Series 

II, there is only a slight increase in the micro 

cracking zone and no significant change in the 

bridging zone. This shows the possibility of 

 

Table 3 Mechanical properties and strain and stress before loading 

 
  

  
(a) Relationship between load and deflection of RC beams in 

Series I 

(b) Relationship between load and deflection of RC 

beams in Series II 

Fig 6  Effects of internal curing on deflection of RC beams 
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improvement of fracture energies due to 

internal curing with PCA. In the case of the 

characteristic length, contrary to what was 

observed in the case of fracture energies, the 

characteristic lengths of BBC-G20 in both 

series decreased by approximately 10% 

compared to those of BBC. This decrease is 

due to the increased splitting tensile strengths, 

which as shown in Eq. (2), the characteristic 

lengths are inversely proportional to the square 

of their values.  

3.3 Shear properties of RC beam 

Table 3 shows the mechanical properties of 

concrete as well as the strain in the reinforcing 

bars and stress in concrete before loading of the 

RC beams in both series.  

 The effects of PCA on the deflection of all 

the RC beams are shown in Fig. 6 (a) and (b). 

The deflections of RC beams in the case of full 

and cracked sections calculated in accordance 

with conventional RC theory are also illustrated 

in the figure. From the two figures, in both 

series, there was no observable effect of PCA 

on the deflection of RC beams. 

An example of the effects of PCA on the 

crack patterns of RC beams in both series are 

shown in Fig 7. From this figure, it was 

observed that the cracks on the internally cured 

RBBC-G20 slightly increased in number 

compared to those of RBBC.  

Table 4 shows the measured and calculated 

values of shear strength as well as the failure 

modes of the RC beams. The calculated values 

of shear tension force were obtained using Eq. 

(3) below proposed by Niwa et al [6] for 

normal strength concrete. 

V� = 0.2��
�	 
� � 1000⁄ ��	 �� �100���	 
�   

�0.75 + 1.4 �� ⁄ �⁄ ��  (3) 

 

 

 

 
(a) RBBC-A 

 
(b) RBBC-G20-A 

Crack patterns of RC beams in Series I 

 

 
(a) RBBC-A 

 
(b) RBBC-G20-A 

Crack patterns of RC beams in Series II 

Fig 7 Crack patterns 
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Where, 

V� : Shear force at shear tension failure of 

RC beams without shear reinforcement  

���: Concrete compressive strength 

: Effective depth 

��: Tension reinforcement ratio 

�: Shear span length 

�: Width of beam 

 

The ultimate shear strength of the RC beams 

that failed in shear tension was assumed to be 

equal to the shear tension force, while in the 

case where the beams failed in shear 

compression, the ultimate shear strength was 

obtained using the following Eq. (4) also 

proposed by Niwa et al. [6] 

 

�� = �.���� !" #⁄ $	%�	��&'�( "⁄ )*	%
.

+,-./

	%*0,-
"   (4) 

 

Where, 

 r: Width of steel plate in contact with 

concrete during loading. 

Fig. 8 (a) and (b) shows the values of τc,exp 

and τc,calc for RBBC-G20 normalized by those 

of RBBC for series I and II respectively. From 

this figure, a comparison of τc,exp between both 

beams shows that in the case of series I, there 

was a slight decrease in the measured values of 

RBBC-G20 compared to those of RBBC, while 

 

Table 4 Shear strength  
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in the case of series II, a slight increase was 

observed. This shows that there was no 

considerable effect of internal curing with PCA 

on the shear strength of RC beams. 

From Table 4, In the case of Series I, it was 

observed that the τc,calc values of RBBC and 

RBBC-G20 were lower than τc,exp by 

approximately 10% and 5% respectively on 

average, while in series II, the difference was 

approximately 13% for both mixtures. In 

addition the values τc,calc were larger in the case 

of RBBC-G20 compared to RBBC in both 

series.  

Eq. (3), which was used to obtain the values 

of τc,calc, expresses the shear resistance of 

concrete as f
’
c
1/3

, which includes the 

contribution of compression concrete, the shear 

transfer along cracks as well as dowel action. In 

this study the internal curing effect of PCA 

contributed to increasing f
’
c, which resulted in 

the increase in τc,calc  of RBBC-G20 in both 

series.  

From Fig.8, although the difference is not 

significantly large, it is observed that in the 

case of series I, the values of τc,exp decrease 

slightly in the case of RBBC-G20, which is a 

trend different from that observed in the case of 

τc,calc, which directly depends on f
’
c
1/3

. However, 

in the case of series II, it is observed that the 

shear strength can be effectively evaluated 

using τc,calc. Although the trends are different in 

both series, the differences are relatively small, 

therefore showing the possibility of estimation 

of shear tension strength of RC beams with 

PCA using Eq. (3). 

On the other hand, Gustafson and Hillerborg 

proposed Eq. (5) below, based on FEM analysis, 

where the increase in ft and lch results in 

increased shear strength. Based on this equation, 

the effects of ft and lch were investigated and 

are also shown in Fig 8.  

1� �2� ∝ * 4�5� -
�	 �⁄

 (5) 

Where, 

 τc: Shear strength of concrete 

 ft: Tensile strength of concrete. 

Based on Eq. 5, it was found that the effect 

of improved ft and decreased lch results in 

overestimation of the shear strength, as shown 

in Fig. 8. This shows that the increased ft had a 

larger effect than the decreased lch. 

The characteristic of lch of BBC-G20 is 

similar to what was observed in high strength 

concrete (HSC). When Sato and Kawakane [8] 

applied the Gustafson and Hillerborg proposal 

in evaluating the shear strength of HSC while 

considering the effect of early age deformation, 

they were successfully able to apply Eq. 5 in 

the case of high shrinkage and low shrinkage as 

τc/ftα(d/lch)
-1/2

, and τc/ftα(d/lch)
-2/5

 respectively. 

In this study, although it would be hard to 

make an evaluation due to the small number of 

RC beams tested, it was found that when 

evaluating the shear strength of RC members 

with PCA whose crushing value is twice that of 

natural aggregate, based on the fracture 

mechanics approach, there is need for an 

evaluation method that incorporates the effects 

of increased ft as well as those of decreased lch. 

4 CONCLUSIONS AND 

RECOMENDATIONS 

The following conclusions can be drawn 

within the limits of the present study: 

(1) The internal curing effect of 20% 

replacement of course aggregate with 

PCA resulted in increased compressive 

and splitting tensile strengths. However, 

there was no observable effect of PCA 

on Young’s modulus of concrete. 

(2) The internal curing effect of PCA 

resulted in increased fracture energies 

by about 24%. However, the effect was 

no observed in the case of characteristic 

length. 

(3) There was no observable change in the 

deflection of RC beams internally cured 

with PCA, compared to those made 

using the reference concrete. 

(4) There was no significant effect of 

internal curing with PCA on the shear 

tension strength of concrete. However, 

it was possible to estimate the shear 

strength of RC beams with PCA. 

(5) The internal curing effect of PCA was 

observed to improve the mechanical 

properties of BB, while the effect was 

no observed in improving the properties 
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of RC beams.  

(6) Although it is important to carry out 

more research in order to fully 

understand the internal curing effect of 

PCA on RC members, when evaluating 

the shear strength of RC beams with 

PCA based on the fracture mechanics 

approach, there is need for investigation 

on an evaluation method that 

incorporates the effects of increased 

splitting tensile strength as well as those 

of decreased characteristic lengths. 
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