
1 INTRODUCTION 

Cracks in concrete are undesirable for the durable 
concrete structure; therefore cracks must be con-
trolled appropriately. Such cracks, however, often 
cannot be avoided; moreover the prevention of all 
cracks is not always needed for the rational design 
of concrete structures. Wider cracks compromise 
concrete structures' long-term service life, but mi-
croscopic cracks hardly influence the durability of 
concrete. In order to construct durable concrete 
structures, the width of the cracks in the concrete is 
the most important factor for durability. 

Many high strength and massive concrete struc-
tures have been constructed in recent years. In such 
structures, cracks due to the volume-change in early 
age often are induced. Therefore controlling the 
crack width in early-age is an effective strategy for 
ensuring durable concrete structures. Crack width is 
dependent on the bond characteristics of the rein-
forcing bars embedded in the concrete. In order to 
estimate the crack width, the bond characteristic is 
normally evaluated as the relationship between local 
bond stress and slip of the reinforcing bar. The con-
crete around the ribs of the reinforcing bar is dam-
aged by the front of the ribs when the reinforcing bar 
in concrete transforms. Here, concrete strength has 
not been developed sufficiently during the hydration 
period, i.e. early age. The bond strength of early-age 
concrete, therefore, is lower than that of the mature 
concrete. In other words, the early age concrete is 
more sensitive to the bond fracture of the reinforcing 
bar. 

The purpose of the present study is to obtain the 
bond characteristics of a deformed bar embedded in 

the early-age concrete. The fundamental experi-
ments, employing specimens with various covers of 
deformed bar, were conducted in order to investigate 
cracks around the deformed bar. In the present 
study, such bond fracture obtained from the funda-
mental experiments is indicated and the bond frac-
ture mechanism in early age is also discussed. The 
bond stress-slip relationship in various ages of con-
crete is evaluated in the present study. 

2 INVESTIGATION OF DAMAGE AROUND 
DEFORMED BAR IN EARLY AGE 

2.1 Experimental program 

2.1.1 Test specimen 
Test specimens in the present study are shown in 
Figure 1. All specimens in the fundamental experi-
ments were made by using mortar concrete. The re-
inforcement was embedded at the center of the 
specimen. The reinforcement was a deformed bar 
with a diameter of 13 millimeters. The specification 
of deformed bar and the detail of its rib are given in 
Table 1 and Table 2 respectively.  

Table 3 gives the mix proportion of mortar. Mate-
rials employed for the mortar were the blast furnace 
slag cement with a density of 3.05 g/cm3, sea-sand 
with a density of 2.60 g/cm3 and crushed andesite 
rocks with a density of 2.70 g/cm3.  

The sizes of the test specimens were set at 
hx100x400 mm with various levels of cover of the 
deformed bar.. In order to investigate the mortar 
damage around the deformed bar, the cover thick-
nesses used were 3.5 mm, 7.0 mm and 12.5 mm, and 
the heights(h) of the specimens were 20 mm, 27 mm 
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and 38 mm respectively. Table 4 gives the experi-
mental parameters in the present study. 

 

2.1.2 Experimental procedure 
When concrete cracking occurs due to volume 
change, the concrete and reinforcement are mainly 

in the tensile stress field. In order to simulate such 
an actual stress condition, the uniaxial tension test 
was conducted. The test setup is shown in Figure 2. 
Loads were provided as high as the stress on yield-
ing point of the deformed bar, i.e. the maximum load 
40 kN. Load was gradually increased at a rate of 100 
N/s. 
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Figure 3. Crack sketch 

 

Table 4. Experimental parameters ________________________________________________ 
Specimen Cover of    Height of   Mortar age 
    deformed bar (c)  specimen (h)  at test     ______________ __________  _________ 
    mm      mm     days ________________________________________________ 
12.5-1d  12.5      38      1 
12.5-7d  12.5      38      7 
7.0-1d   7.0      27      1 
7.0-7d   7.0      27      7 
3.5-1d   3.5      20      1 
3.5-7d   3.5      20      7 ________________________________________________ 

 

 
Figure 2. Uniaxial tension test 
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Figure 1. Test specimen 

 
Table 1. Specification of deformed bar _____________________________________ 
Diameter Yield point  Young’s modulus ________ __________  ______________ 
mm   N/mm2    N/mm2     _____________________________________ 
13    295     191200     _____________________________________ 
 
Table 2. Detail of deformed bar rib _______________________________________________ 
Maximum height Minimum height  Average interval ______________ _____________  _______________ 
mm      mm      mm _______________________________________________ 
1.0      0.5      8.9 _______________________________________________ 
 
Table 3. Mix proportion of mortar __________________________________________________ 
Water-Cement Water Cement  Fine    Admixture 
Ratio            Aggregate ____________ _____ _______ _________ _________ 
%      kg/m3 kg/m3  kg/m3   kg/m3  __________________________________________________ 
32      207  647   1414    6.47 __________________________________________________ 
 



2.2 Result and discussion 

2.2.1 Crack sketch 
Example of crack sketches is shown in Figure 3. The 
bold lines represent cracks across the cross section. 

As shown in Figure 3, the specimens of 3.5-1d 
had many more cracks than the specimens of 7.0-1d 
and 12.5-1d under the same load. Most cracks in the 
specimens of 12.5-1d under a load of 40 kN were 
across the cross section. The same results were 
found at the age of 7 days.  

2.2.2 Fracture Mode 
Goto and Otsuka have reported on cracks formed in 
concrete around deformed tension bars (Goto and 
Otsuka, 1980). When the concrete and the deformed 
bar are subjected to an axial tension load, primary 
cracks shown in Figure 4(a) are often generated in 
the concrete. In the concrete surrounding the de-
formed bar, internal cracks, which do not generally 
appear on the surface of concrete, occur at an ap-
proximate 60o angle to the axis of deformed bar. 
When the deformed bar is subjected to higher 
stresses, some internal cracks develop to the surface 
of the concrete as shown in Figure 4(a). In the pre-
sent paper, such a crack is called a secondary crack. 
The concrete around the rib of the deformed bar is 
damaged by the front of ribs as shown in Figure 
4(b). Under higher loading, the concrete between 
two ribs is finally fractured with local shearing fail-
ure as shown in Figure 4(b). Cracks across the cross 
section illustrated in Figure 2 can be assumed to be 
primary cracks while the others can be taken as in-
ternal cracks. 

Figure 5 shows the crack condition in a specimen 
of 12.5-1d. The rib-marks of the deformed bar 
clearly remained. Therefore, the mortar between the 
ribs was not sheared and the mortar in front of the 
ribs was not crushed.  

All primary cracks were generated from the rib of 
the deformed bar as shown in Figure 6. Several 
cracks in the specimens with 3.5mm of cover over 
the deformed bar (3.5-1d, 3.5-7d) were generated at 
an angle to the vertical direction. The formation of 
such cracks was due to the internal cracking. 

2.2.3 Interval and length of cracks 
The average intervals were evaluated from the inter-
vals of all cracks including the primary cracks and 
internal cracks, and the average lengths were calcu-
lated from the lengths of internal cracks. Table 5 
gives the average interval and the average length of 
cracks under the load of 40 kN.  

The specimens with thinner cover of deformed 
bar had many cracks, so that the average intervals in 
that specimen were smaller. The average lengths at 
the age of 7 days ranged from 60.9 mm to 66.3 mm. 
On the contrary, the average lengths measured in the 
specimens which had the thinner cover were smaller 

at the age of 1 day. The average length in the 3.5-1d 
was 65% of the average length in the 3.5-7d. The in-
ternal cracks in the 3.5-1d specimen occurred at a 
lower load level than in the other specimens, as 
shown in Figure 3. These results indicate that early-
age concrete (within 1 day of age) is more suscepti-
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Figure 5. Crack condition in specimen of 12.5-1d 
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Figure 6. Location of cracks and deformed bar ribs  

(Specimen : 3.5-1d, Load = 40kN) 
 

Table 5. Average interval and length of cracks _________________________________________ 
     Average interval  Average length 
Specimen  of cracks    of cracks      ______________ _____________ 
     mm      mm _________________________________________ 
12.5-1d   36.4      59.2 
7.0-1d   30.6      51.4 
3.5-1d   24.3      39.3 

12.5-7d   47.1      66.3 
7.0-7d   31.3      65.5 
3.5-7d   31.8      60.9 _________________________________________ 

 

Primary Crack



ble to the formation of internal cracks around the de-
formed bar. 

3 LOCAL BOND STRESS-SLIP RELATIONSHIP 

3.1 Experimental program 

3.1.1 Loading method 
The uniaxial tension tests were conducted to simu-
late an actual stress condition as shown in Figure 7. 
The jig set with the bar edge has two hinges in order 
to reduce the eccentric load. The maximum load was 
determined as 35 kN, so that the reinforcing bar did 
not yielded in the present study. In addition, reload-
ing tests were conducted in order to evaluate the 
damage of the concrete around the deformed bar. 
The program of the reloading test is shown in Figure 
8. 

The loading and unloading process was con-
trolled at approximately 100 N/s. 

3.1.2 Test specimen 
The test specimens used in this experiment are illus-
trated in Figure 9. The reinforcement embedded at 
the center of the concrete was a deformed bar with a 
diameter of 13 mm.  

Yamao et al. indicated that the relationship be-
tween local bond stress and slip is almost equal in 
case of sufficient bond length, i.e. more than 25D 
(Yamao, Chou and Niwa, 1984). Early-age concrete 
is more easily damaged by the bond stress of de-
formed bar than is mature concrete. Therefore, the 
bond length employed in this study was 50 times the 
bar diameter, i.e. 650 mm from the center of the 
specimen. The un-bond zone, with a length of 130 
mm, was set by covering the deformed bar with vi-
nyl tape. Such un-bond zones had the role of pre-
venting pullout fracture at the bond edge. Therefore, 
the specimen length was 1560 mm and the cross sec-
tion shape was a square with side of 100 mm.  

Strain gauges were attached on longitudinal ribs 
of the deformed bar with an interval of 65 mm be-
ginning at the center of the specimen. 

Table 6 gives the mix proportion of the concrete. 
The cement employed in this experiment was the 
blast furnace slag cement. The specified concrete 
strength in the present study was 24 N/mm2 which is 
used for many civil infrastructures in Japan, and the 
water-cement ratio was 57 %. The detail of the rein-
forcement is equal to the specifications given in Ta-
ble 1 and Table 2. 

3.1.3 Experimental parameters 
Uniaxial tension tests were carried out at 0.5, 1, 1.5, 
2, 3, 7, and 28 days. In addition, compressive 
strength tests, split tensile strength tests and 
Young’s modulus tests were carried out in order to 
evaluate the hydration degree of the concrete.  

3.1.4 Local bond stress and slip 
As given in Equation 1, local bond stress is evalu-
ated from a differential function of the strain distri-
bution in the deformed bar. In the present study, the 
distribution of strain was taken as 2-dimensional 
parabolic curves by using 3 points of the strain data 
(Shima, Chou and Okamura, 1987). 

dx
dDE bss −⋅=
ε

τ
4

 (1) 

where x = location from the specimen center across 
the length; τ = local bond stress; D = diameter of 
re-bar; Es = Young’s modulus of re-bar; bs−ε  = 
strain of re-bar subjected to bond stress. 

The bond stresses are generally expressed as a 
function of slip. As given in Equation 2, slip is 
evaluated by integrating the difference between the 
reinforcement strain and the average concrete strain. 
Here, the average concrete strain can be obtained 
from Equation 3. The slip at the center of reinforce-
ment can be assumed as zero in the case of axially 
loaded tension test. 
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Figure 8. Program of reloading test 
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Table 6. Mix proportion of concrete __________________________________________________ 
Water Cement  Fine    Coarse   Admixture 
       Aggregate  Aggregate   _____ _______ ________  _________ __________  
kg/m3 kg/m3  kg/m3   kg/m3   kg/m3 __________________________________________________ 
165  290   812    1030    2.9 __________________________________________________ 
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where S = slip; cε  = average strain at cross section 
of concrete; P = load; As = area of re-bar; Ac = con-
crete area; Ec = Young’s modulus of concrete. 

3.2 Strain of deformed bar subject to bond stress 
The deformed bar embedded in concrete was re-
stricted by the bonding concrete, so that the strain of 
the embedded bar is smaller than the strain of the 
un-bond region of the bar at specimen edge. Figure 
10 shows an example of the relationship between 
stress and strain on the deformed bar embedded in 
concrete with various ages. Here, the ordinate repre-
sents the stress in the un-bond region of the bar; its 
stress-strain relation is illustrated for comparison in 
these figures.  

Figure 10 demonstrates that the strain of the rein-
forcement in concrete becomes smaller as concrete 
strength increases. The concrete strength and 
Young’s modulus at the age of 0.5 days were espe-
cially small, i.e. compressive strength of 0.41 
N/mm2, splitting tensile strength of 0.06 N/mm2 and 
Young’s modulus of 1.34 kN/mm2, so that the sur-
rounding concrete had little resistance to the slip of 
the deformed bar. Thus, the stress-strain curves at 
the age of 0.5 day were especially similar to the 
curve of un-bond region of the bar compared with 
the curves obtained from the other ages. However, 
primary cracks across the cross section occurred at 
this age. Such cracks could be induced by the fric-
tion and the chemical bond on the interface between 
the concrete and the deformed bar, though the me-
chanical resistance of deformed bar rib was espe-
cially little. This phenomenon at the age of 0.5 days 
occurred in the test employing the round bar (Figure 
11).  

Figure 12 shows the strain distribution in the re-
inforcement along the specimen length at various 
levels of un-bond bar stress. The strain at the loca-
tion of cracks was increased as high as the strain of 
the un-bond bar. Figure 10 illustrates the various lo-
cations of cracks in every test. Thus, the bond char-
acteristics before cracking are discussed in this 
study. 

The distribution slope around the edge of the 
bond region was more inclined by the increase of the 
load, as shown in Figure 12. In the other region, the 
reinforcement strains obtained from the test were 
very similar to the average concrete strain estimated 
by Equation 3 with axial stiffness of concrete and 
deformed bar (EsAs, EcAc), as shown in Figure 13. 
Therefore, the slip between the deformed bar and the 
concrete is nearly equal to zero in this region. 

 

0

50

100

150

200

250

300

St
re

ss
 o

f U
nb

on
d 

B
ar

 (N
/m

m
2 )

Age : 0.5 days

20D
15D
10D
5D
0DLocation from Edge of Bond

Primary Crack

 

0

50

100

150

200

250

300

St
re

ss
 o

f U
nb

on
d 

B
ar

 (N
/m

m
2 )

20D
15D
10D
5D
0D

Age : 1 day

Location from Edge of Bond

Primary Crack

 

0

50

100

150

200

250

300

St
re

ss
 o

f U
nb

on
d 

B
ar

 (N
/m

m
2 )

20D
15D
10D
5D
0D

Age : 1.5 days

Location from Edge of Bond

Primary Crack

 

0

50

100

150

200

250

300

St
re

ss
 o

f U
nb

on
d 

B
ar

 (N
/m

m
2 )

20D
15D
10D
5D
0D

Age : 2 days

Location from Edge of Bond

Primary Crack

 

0

50

100

150

200

250

300

St
re

ss
 o

f U
nb

on
d 

B
ar

 (N
/m

m
2 )

20D
15D
10D
5D
0D

Location from Edge of Bond

Primary Crack

Age : 7 days
 

0

50

100

150

200

250

300

0 400 800 1200 1600

Strain of Deformed Bar (x10-6)

St
re

ss
 o

f U
nb

on
d 

B
ar

 (N
/m

m
2 )

20D
15D
10D
5D
0D

Location from Edge of Bond

Primary Crack

Age : 28 days

 
Figure 10. Strain of deformed bar subjected to bond stress 

(Age : 0.5, 1, 1.5, 2, 7, 28 days) 



3.3 Local bond stress-slip relationship 
Figure 14 shows the local bond stress-relative slip 
relationship along the reinforcement at the age of 3 
days. A relative slip (S/D, %), which means the slip 
per the diameter of bar, is herein employed as the 
lateral axis. Figure 14 indicates that the relationships 
between local bond stress and relative slip are 
greatly similar curved lines in spite of the location 
along the deformed bar.  

Figure 15 shows the relationship between bond 
stress and slip at various ages of concrete. Figure 15 
demonstrates that the local bond stress increases 
with age at the same relative slip.  

In order to investigate the influence of the hydra-
tion progression of concrete, e.g. concrete strength 
development, equivalent bond stress is employed in 
this study. The equivalent bond stress is defined as 
the bond stress per the two-third power of the com-
pressive strength of concrete as given Equation 4 
(Yamao, Chou and Niwa, 1984). 

32'c
equ f

ττ =  (4) 

where equτ = equivalent bond stress, and cf ' = com-
pressive strength of concrete. 

Figure 16 shows relationships between equivalent 
bond stress and relative slip at various ages of con-
crete. This graph indicates that the relationships 
showed a great amount of variation at earlier ages 
(1, 1.5 days) differed from the other relationships. 
This phenomenon implies that the bond mechanism 
before 2 days is different from the mechanism for 
ages after 2 days. As mentioned above, the concrete 
surrounding the deformed bar is sensitive to internal 
cracks before 2 days age. Thus, the concrete cannot 
be expected to have developed bonding characteris-
tics at an age of 1 day, as shown in Figure 16.  

In addition, the curves of the equivalent bond 
stress were very similar to each other after 2 days 
age, as shown in Figure 16. The equivalent bond 
stress properly evaluates the characteristics of the 
bond stress after 2 days. To employ the equivalent 
bond stress is a valid method to evaluate the bond 
behavior of early-age concrete.  

Figure 11. Primary cracks in the test employing the round bar 
at age of 0.5 days 
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Figure 12. Distribution in deformed bar strain along the length 
of specimen at various levels of stress of unbond bar 

(Age : 1, 7 days) 

1 1
1

1
1

1
1

1

1
1

1

1.5
1.5

1.5
1.51.5

1.5
1.51.51.5

1.5
1.5

1.5
1.5

1.5
1.5

2 2
2

2
2 2

2 2
2

2
2

2
2

2
2

2
2

3 3
3

33
3

3 3
3

3
3

3
3 3

3
3 3

3
3

3
3

3
3 3

3
3

3 3
3

7 7
7

777 7 7 7
7 7 7 7 7

77 7 7 7 7
77 7 7

7
7

77
7 7

7
7

282828
282828

28
28

282828
28

2828282828282828282828
28

2828282828282828
28

2828
28

0

20

40

60

80

100

0 20 40 60 80 100

Averaged Concrete Strain (x10-6)

St
ra

in
 o

f D
ef

or
m

ed
 B

ar
 (x

10
-6

)

+10x10-6

-10x10-6

 
Figure 13. Relationship between average concrete stain and 
strain of deformed bar 
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Figure 14. Local bond stress-slip relationship along the rein-
forcement axis (Age : 3 days) 



3.4 Reloading test 
The reloading test was conducted in order to investi-
gate the bond fracture in early age. Figure 17 shows 
the reinforcement strain under reloading. The rein-
forcement strain under only loading is represented in 
Figure 17 for comparison. Figure 17 indicates that 
the strain under reloading was similar to the strain 
under only loading at the locations of 10D and 15D 
when the reloading provided more than the previous 
maximum load. At the location of 5D, the strain un-
der reloading was greater than the strain under only 
loading.  

Figure 18 illustrates the equivalent bond stress-
relative slip relationships under reloading at the lo-
cations of 5D and 10D. The results shown in Figure 
18 indicate that the bond stress curve at the location 
of 10D was similar to the bond stress curve under 
only loading. On the contrary, at the location of 5D, 
the slip in the bond stress curve under reloading was 
greater than the slip under only loading. Such in-
crease of the slip could be due to the damage of con-
crete around the deformed bar, such as internal 
cracking and crashing fracture by the reinforcement 
rib.  

4 CONCLUSIONS 

The bond characteristics between deformed bar and 
early age concrete were discussed in the present 
study. An axial loading test, employing a specimen 
with various levels of covers of reinforcement, was 
conducted in order to investigate the concrete dam-
age around the deformed bar. The present study can 
be summarized as follows: 
1) In the early-age concrete before 1 day of age it 

is easy to generate internal cracks.  
2) The bond characteristics after an age of 2 days 

were properly evaluated by the equivalent bond 
stress. 

3) The slip under reloading was greater than the 
slip under only loading. 
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Figure 15. Local bond stress-relative slip relationship 
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Figure 16. Equivalent bond stress-relative slip relationship 
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Figure 18. Bond stress curve under reloading (Age : 2 days) 
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Figure 17. Reinforcement strain under reloading (Age : 2 days) 
 


