


2 EXPERIMENTAL PROGRAM 

2.1 Specimens 

Figure 1 shows the push-off specimens used in the 
experiment. Two sizes of specimens were used. (1) 
The 600 mm × 450 mm × 70 mm (height × width × 
depth) specimen was used to obtained for internal 
cracks by X-ray technique (X series), (2) The 1,200 
mm × 800 mm × 150 mm (height × width × depth) 
specimen was used to measure the strain behavior of 
the CFRP sheets (P series). The shear reinforcements 
were arranged so as to intersect the shear plane at 
right angles. The CFRP sheets were externally 
bonded to the side surfaces of specimens, as shown 
Figure 1. The experimental parameters were the 
shear reinforcement ratio ρs and the CFRP sheet ra-
tio, ρcf (Table 1). ρs is calculated by dividing by the 
gross sectional area of the shear reinforcement bars 
by the entire shear plane, and ρcf is calculated by di-
viding by the gross sectional area of the CFRP sheets 
by the entire shear plane. The nominal diameter of 
the shear reinforcement was 9.53mm, and the widths 
of the CFRP sheets were 40 mm and 80 mm. 

 

 
Figure 1. Type of specimens. 

 
Figure 2. Loading equipment and X-ray generator. 

2.2 Test procedures 

Figure 2 shows a schematic diagram of the combina-
tion of the shear test using a push-off specimen and 
the X-ray technique. The internal crack was observed 
by radiography using a contrast medium. The loading 
test was conducted by injecting a contrast medium 
into the push-off specimen through injection holes (φ 
= 2 mm). Cesium carbonate solution was used as the 
contrast medium3).  
The shear displacement and the horizontal dis-

placement were measured at the shear plane by dis-
placement transducers. In addition, the horizontal 
strain of the CFRP sheet at the CFRP sheets was 
measured by the P series. This strain was measured 
by using electric strain gauges attached to the surface 
of CFRP sheet at central location. 

3 RESULTS AND DISCUSSION 

3.1 Riedel shear crack observed by X-ray 
photography 

Figure 3 shows the X-ray photographs of the entire 
shear plane captured by the X-ray technique. As 
shown in these photographs, initial cracks were ob-
served as diagonal discrete cracks. Thus, the Riedel 
shear crack formed in the concrete was revealed by 
the X-ray technique. These cracks propagated as ver-
tically increasing cracks from the position between 
the shear reinforcements with increasing load. In ad-
dition, fine cracks4) were observed around the Riedel 
shear cracks, and the shear plane formed in the crack 
zone. The X-ray photographs clearly showed the 
cracking zone. The crack zone then expanded as the 
load increased, and the tendency became remarkable 
as the CFRP sheet ratio increased. 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
obtains 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 
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Figure 3. The X-ray photographs of shear plane. 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 

 

( ) s
s

s

vg
kc

c

c

vg
k

sc
G αααα +=,
1

                 (5) 

 
where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  

 

( )
1

1
10

1
10

1
1

22.0188.0
0

,
1

−
⎟
⎠

⎞
⎜
⎝

⎛
−∞

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
⎟
⎠

⎞
⎜
⎝

⎛
−∞

−−+−

=

h
cc

g
e

h
cc

g
eGs

s
s
c

w

sc
K

αα

αα

αα

αα

 

(6)

 
 
The material parameters k
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vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 
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where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



3.2 Relationship between the maximum shear stress 
and the average cracking zone 

Figure 4 shows the relationship between the maxi-
mum shear stress, τmax, and the average cracking 
zone, Ls. The values of Ls are obtained by dividing 
the cracking zone by shear plane height. The results 
of the push-off test without the CFRP sheets, ex-
perimental parameter was the area of reinforcement, 
compared in this figure. The numerical value in the 
figure is the shear reinforcement ratio. The maximum 
shear stress increased by the average cracking zone 
increase. As the CFRP sheet ratio increased, the 
cracking zone increased remarkably. On the other 
hand, the reinforcement area is not influenced signifi-
cantly. The average zone was expanded by increasing 
the CFRP sheet ratio before the maximum load was 
reached. As a result, the maximum shear stress are 
increased as in Figure 4. 

3.3 Relationship between shear displacement and 
horizontal displacement in the shear plane 

Figure 5 shows the relationship between the shear 
displacement and the horizontal displacement during 
loading to the maximum load in the P series. After 
the initial crack initiation, the horizontal displacement 
was larger than the shear displacement. The shear 
displacement became large after exceeding 0.1 mm. 
These displacements increased remarkably in the 
specimen with the CFRP sheets (C). Thus, the CFRP 
sheets resist the horizontal displacement that devel-
oped in the cracking zone. 
 Figure 6 shows the relationship between the load 

and the horizontal displacement of the P series. The ini-
tial cracking load is approximately 300 kN, and the 
specimen without CFRP (N) increased the horizontal 

 
Figure 4. The relationship between the maximum shear stress 
and the average cracking zone. 

 

 
Figure 5. The relationship between shear displacement and the 
horizontal displacement. 
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Figure 3. The X-ray photographs of shear plane. 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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The material parameters k

c
vg and k
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vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



 
Figure 6. The relationship between load and the horizontal 
displacement. 

 

 
Figure 7. The relationship between load and the horizontal 
strain in CFRP sheets. 

 
displacement during a load hardly increased. On the 
other hand, the specimen with CFRP (C) increased 
the horizontal displacement and the load. The load-
carrying capacity of CFRP sheets is the difference in 
maximum load between C and N. 

Increasing the shear load-carrying capacity by 
adding CFRP sheets has been determined to increase 
the horizontal displacement. 

The carrying load of the strengthening of shear 
capacity by CFRP sheets under the shear displace-
ment has been determined to the horizontal dis-
placement increasing. 

Figure 7 shows the relationship between the load 
and the horizontal strain in CFRP sheets of P series. 
The horizontal strain, εx, is tensile strain and in-
creased remarkably when the initial crack appeared. 
This strain behavior of CFRP sheet on the shear 
plane has a meaning, that the tensile force is shared 
by the CFRP sheets under the shear displacement. 

4 CONCLUSIONS  

In the present study, the deformational behavior in 
the shear plane of reinforced concrete with CFRP 
sheets was investigated by X-ray radiography and the 
load-carrying capacity of CFRP sheet was also inves-
tigated. The experimental results revealed that the 
Riedel shear crack in the shear plane was caused by 
shear displacement. X-ray photographs revealed that 
the cracking zone of concrete subjected to shear dis-
placement and the shear force level depend greatly 
on the area of the cracking zone. The CFRP sheet 
strengthening is expanded of these areas compared to 
without CFRP sheet. The load-carrying mechanism 
of CFRP sheets under shear deformation was found 
to be caused by the increase in horizontal displace-
ment. The CFRP sheet on the shear plane is con-
firmed to carrying a tensile force, despite the shear 
deformation increasing. 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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                 (5) 

 
where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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(6)

 
 
The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 
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