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Abstract 
This paper presents an experimental investigation of bond-strengthening hooks as a new method to increase bond strength 
along flexural reinforcing bars in reinforced concrete (RC) beams. The proposed method attempts to increase confining 
stiffness around the flexural bars by placing U-shaped hooks and to prevent premature bond splitting failure. Ten 
specimens with different numbers and sizes of hooks were prepared to verify the strengthening effectiveness under 
monotonic four-point loading. The test results indicated that the hooks increased the bond strength along flexural bars 
although the strengthening effectiveness was limited by the effective number of anchors of hooks Nbe. This limit is de-
termined by the size of the stress-transmitting zones of the concrete around the anchors of the hooks. The 
bond-strengthening effectiveness of hooks was found to be equivalent to that of conventional internal ties. 
 

 
1. Introduction 

The shear capacity of reinforced columns and beams is 
increased by (1) increasing the amount of shear rein-
forcement, and (2) increasing the strength of shear rein-
forcement. The former approach often causes congestion 
due to overreinforcement, while the latter one may de-
grade the bond strength between the longitudinal bars 
and concrete (AIJ 1999). From the viewpoint of the truss 
mechanism model, bond failure can occur due to the 
diagonal truss strut force, which is increased with in-
creasing both the value of pw and the yield stress σw of 
shear reinforcement. On the other hand, the bond 
strength along the longitudinal bars, which is expected to 
resist the truss action, depends only on the value of pw. 

Hence, the authors have proposed an alternative, the 
bond strengthening hook, which is a supplemental bar 
applied along the longitudinal bars to increase the bond 
strength (Nagatomo et al. 2003; Hosokawa et al. 2003; 
Sato et al. 2003; Sato et al. 2006). The proposed bars are 
U-shaped, avoiding a closed form for easy arrangement. 
The authors’ previous tests showed a considerable im-
provement of the bond strength due to the use of the 
hooks. Equations have been proposed to estimate the 
bond strength along longitudinal bars and the shear 
strength of RC members with hooks based on the Design 
Guidelines for Earthquake Resistant Reinforced Con-
crete Buildings Based on Inelastic Displacement Con-
cept, Architectural Institute of Japan (AIJ). 

In these studies, however, the bond strengths were es-
timated as an average along the member and sufficient 
attention was not paid to the distribution of bond splitting 
cracks and bond stresses. Further, the variations of ex-

perimental parameters (i.e., shear reinforcement ratio, 
ratio of net concrete width to total diameter of longitu-
dinal bars, ratio of number of hooks in a cross-section to 
number of longitudinal bars, etc.) were limited due to test 
plan limitations. 

This study aims at an examination of the previously 
proposed bond strength equation (Sato 2003) through a 
series of loading tests of RC beams, which contain varied 
spacings and numbers of bond strengthening hooks. In 
these tests, stirrups made of mild steel were used instead 
of high-strength steels in order to observe the behaviors 
of RC members under basic reinforcing conditions. 

 
2. Tests 

Figure 1 shows the geometry and bar arrangement of 
the specimens. The specimens were RC beams of 350 
mm height and 2,000 mm length and were subjected to 
four-point loadings. Three longitudinal bars of 19.1 mm 
diameter were placed on the compression (upper) side. 
On the other hand, three 19.1 mm diameter bars were 
placed in the tension (lower) side of specimens No. 2 
and No. 6, four bars for No. 1, No. 3, No. 4, and No. 5, 
and five bars for No. 7, No. 8, No. 9, and No. 10. The 
specimens contained shear reinforcing stirrups and bond 
strengthening hooks of 6.35 mm diameter with varied 
spacings. Figure 2 shows a detailed view of the hooks. 
The locations of the hooks are indicated by a dotted 
rectangle in Fig. 1. The two ends of the stirrup were 
overlapped and welded together over a length equal to 
ten times the bar diameter. The size of the cross-section 
and the number of stirrups and hooks were determined 
so as to induce bond splitting cracks along the longitu-
dinal bars. Additional stirrups of 6.35 mm diameter 
were provided through the development length of the 
longitudinal bars to induce bond splitting cracks before 
the shear failure. 

The experimental parameters were the width of the 
beam (200 mm and 250 mm), the number of longitudinal 
bars (three, four, and five), the spacing of stirrups (sw = 
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100 mm and 150 mm), the spacing of hooks (sb = 50 mm, 
100 mm and 150 mm), and the width of hooks (i.e. 
spacing between two anchorages of a hook). The hooks 
were either overlapped on the stirrup or placed between 
adjacent stirrups. 

The ends of the lower longitudinal bars were covered 
with stainless pipes while a notch was made at the inside 
end of the shear span to keep the development length 
within 400 mm. This length was determined based on the 
observation in a previous study (Fujii et al. 1981) that the 

bond strength was not affected as long as the develop-
ment length was more than 20 times the bar diameter. 
The depth of the bond strengthening hook was 100 mm 
(Fig. 2), which was determined based on (1) the depth of 
the bond splitting failure region observed in several 
previous tests (Nagatomo et al. 2003; Hosokawa et al. 
2003; and Tanaka et al. 2004), and (2) the AIJ standard 
requiring the anchorage length of a bended bar to be 12 
times the bar diameter (AIJ 1986). 

Table 1 lists properties of the steel bars. The yield 
stress of the lower (tension) longitudinal bar was 431.4 
MPa while that of the stirrups and hooks was 390.5 MPa. 
The bending radius of the corners of the stirrups and 
hooks was 20 mm. The hooks were not applied along the 
central constant moment region since bond splitting 
would not be induced along this region. Compressive 
concrete strengths were 29.0 MPa for specimens No. 2, 
No. 3, No. 6 and No. 7, 24.8 MPa for No. 1, No. 4, No. 5, 
No. 9 and No. 10, and 21.3 MPa for No. 8. The concretes 
were mixed with air-entraining agents resulting in a 
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Fig. 1 Configurations of specimens. 
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Fig. 2 Bond strengthening hook. 
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slump of 18 cm. The maximum aggregate size was 20 
mm. The casting direction is indicated in Fig. 1 

Specimens No. 1, No. 2, No. 4, No. 6, and No. 8 were 
subjected to monotonic loads by a hydraulic servo-pulse 
actuator. The loading was stopped when either side of the 
specimen failed. After the load was removed, the failed 
region was strengthened by confining it with steel plates 
of 20 mm thickness and prestressing bolts. Then the 
specimen was reloaded until the other side failed. 

For specimens No. 3, No. 5, No. 7, No. 9, and No. 10, 
constant loads of 300 kN were repeated five times to 
deteriorate the specimens under a limit actuator’s capac-
ity. Specimen No. 3 failed by shear after the repeated 
loads but specimens No. 5 and No. 7 did not fail. For 
specimens No. 9 and No. 10, the actuator was replaced 
by a larger one after the repeated loads and reloaded. 
Table 2 shows the loading hysteresis of each specimen. 

Load P, central deflection δ, the strains of the lower 
longitudinal bars, stirrups, and hooks, and the end slips of 
the longitudinal bars were measured. Figure 1 indicates 
the longitudinal bars, to which strain gauges were ap-
plied at 100 mm spacings. The end slips of the longitu-
dinal bars were measured by displacement transducers. 
Strain gauges were also applied on all the stirrups and 
hooks along the development length. 

Double water-proof coatings were provided for the 
strain gauges applied on the bars (Fig. 3). The coating 
length (25 mm) was subtracted when the bond stresses 
were calculated. 

 
3. Equations for bond strength estimation 

3.1 AIJ Guidelines (AIJ 1999) 
The Design Guidelines for Earthquake Resistant Rein-
forced Concrete Buildings Based on Inelastic Dis-

placement Concept, AIJ (1999), estimates bond strength 
τucal along longitudinal bars as the sum of the contribu-
tions of concrete and lateral reinforcements (i.e. stirrups 
or hoops): 

τucal= αt{(0.086 bsi+0.11) 'cf +kst}      (MPa) (1) 

where 
kst = contribution of stirrups 

   = (56 + 47 Nw / N1)(bsi + 1)pw        (MPa) (2) 

bsi = ratio of net concrete width to total diameter of 
longitudinal bars; 

   = (b – N1 db)/(N1 db)  (3) 

pw = cross sectional area ratio of stirrups or hoops; 

   = aw /(be sw)  (4) 

αt = 0.75 + f’c /400 for bars in upper side of beam; 

   = 1                for bars in other place (5) 

aw = total cross sectional area of stirrups or hoops in 
the same plane (mm2); 

b = width of beam or column (mm); 
be = effective width of beam or column (mm); 
db = diameter of longitudinal bar (mm); 
N1 = number of longitudinal bars; 
Nw = number of anchorages of stirrups, internal ties or 

hoops in the same plane; and 
sw = spacing of adjacent stirrups or hoops (mm). 
The ratio Nw / N1 is one of the indices of confining 

effect per longitudinal bar, which was proposed by Fujii 
et al. (1981). The AIJ guidelines classify the bond failure 
into two modes: (1) The side splitting mode in which the 

Table2 Loading hysteresis. 

Specimen Hysteresis 
Nos. 1, 2, 4, 6, and 8 Load One side failed Reload Another side failed 

Nos. 3, 5, and 7 Load One side failed Reload 300 kN x 5 times 
Nos. 9 and 10 Load  300 kN x 5 times Replacement of jack Reload One side failed Reload 

Another side failed 

Table 1 Properties of steel bars. 

Longitudinal bar 

 lower upper 

Stirrup and 
bond  

strengthening 
hook 

Diameter db 
(mm) 19.1 19.1 6.35 

Yield stress fy 
(MPa) 431.4 461.0 390.5 

Tensile strength 
fu (MPa) 640.5 555.0 589.4 

Elastic modulus 
Es (GPa) 192.1 186.0 202.0 

Wax
Viscous-elastic tape

25 mm

Viscous coat
Strain gauge

 
 

Fig. 3 Coating of strain gauge. 
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splitting cracks are horizontally induced, and (2) the 
corner splitting mode in which the corner cover concrete 
is diagonally split along the corner longitudinal bars. 
Equations (1) to (5) are available only for the former 
mode.  

 
3.2 Proposed equation 
The authors propose the modified equations to extend the 
AIJ guidelines to members with bond strengthening 
hooks (Sato 2003).  

kst = {56 + 47 (Nw + Nbe )/N1}(bsi + 1)(pw + pbe)  

                                 (MPa)  (6) 

where 

pbe = effective cross sectional area ratio of hooks; 

   = Nbe ab /(be sb)  (7) 

ab = cross sectional area of an anchorages of hook 

(mm2); 

Nbe = effective number of anchorages of hooks in the 

same plane; and 

sb = spacing of adjacent hooks (mm). 

The number of anchorages of hooks in the same plane 
had been varied from two up to eight in the previous test 
(Nagatomo et al. 2003; Hosokawa et al. 2003; Sato et al. 
2003; and Sato et al. 2006). The test results showed that 
there was an upper limit of the bond strengthening ef-

fectiveness of hooks. Hence, effective number Nbe was 
introduced instead of net number Nb to take into account 
the limit of strengthening effectiveness. 

Nbe= min[Nb , be / (15 dbb)]  (8) 

where dbb = diameter of bond strengthening hook. Equa-
tion (8) was developed in accordance with CEB-FIP 
model code (CEB-FIP 1978), which suggests that a re-
inforcing bar induces stress to a concrete zone within 15 
bar diameters dbb from the reinforcement (Sato 2003). 
The following sections discuss these equations in detail. 
 
4. Test results 

4.1 Failure mode 
Figures 4(a) and (b) show the final crack patterns of 
specimens No. 2 and No. 10, respectively. First, discrete 
flexural cracks occurred along the development length. 
Next, a diagonal crack was initiated from the notch and 
then from the region along the development length. 
Then, small diagonal bond splitting cracks appeared 
along the longitudinal bars, which finally interconnected 
and resulted in the final failure mode. The bond splitting 
cracks usually initiated from the region near the notch 
and then occurred in the end region. These splitting 
cracks, however, did not always continuously proceed. 
Figure 5 shows relationships between the load and cen-
tral deflection. No yielding was observed along the lon-
gitudinal bars. 
 
4.2 Experimental bond strengths 
Table 3 lists the experimental parameters and bond 

 
(a) Specimen No. 2 

 
(b) Specimen No. 10 

Fig. 4 Final crack pattern. 
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strengths. The experimental bond stresses were calcu-
lated based on the measured strains along the longitudi-
nal bars. 

Figures 6 to 8 show relationships between bond 
strengths τuexp and three experimental parameters used 
in Eq. (6). Bond strengths τuexp were normalized through 
division by the square root of compressive concrete 
strength f’c in MPa. 

Figure 6 shows the relationship between τuexp / 'cf  
and the ratio of net concrete width to the total diameter of 
the longitudinal bars bsi. The values in parentheses indi-
cate (Nw + Nbe)/ N1. The values of τuexp / 'cf  increase as 
bsi increases for all three values of total cross sectional 
area ratios of the stirrups and hooks pw + pbe. On the 
other hand, the relationship between τuexp / 'cf  and pw 
+ pbe cannot be discussed because the values of (Nw + 
Nbe)/ N1 vary.  

Figure 7 shows the relationship between τuexp / 'cf  
and the ratio of number of anchorages of the stirrups and 
the hooks to the number of longitudinal bars (Nw + Nbe)/ 
N1. The values in parentheses indicate bsi. The values of 
τuexp / 'cf  increase as (Nw + Nbe)/ N1 increases for both 
values of pw + pbe. 

Figure 8 shows the relationship between τuexp / 'cf  
and pw + pbe. The values of τuexp / 'cf  increase as the 
value of pw + pbe increases for both values of (Nw + Nbe) / 
N1. The values of τuexp / 'cf  become larger as the value 
of (Nw + Nbe)/ N1 increases when pw + pbe is the same. 

The above empirical tendencies between τuexp / 'cf  
and the three parameters bsi, (Nw + Nbe)/ N1, and pw + pbe 
agree with Eq. (6) even when bond strengthening hooks 
are added.  

 
4.3 Bond strength estimation 
Figure 9 shows the relationship between experimental 
bond strengths τuexp and bond strengths τucal calculated by 
Eq. (6) (see 11th and 12th columns in Table 3). The τuexp 
/τucal ratio exceeds 1.0 for all the specimens. The average 
of τuexp /τucal is 1.24 and the coefficient of variation 

(C.O.V.) is 0.139. The C.O.V. is 0.114 when Nb is used 
instead of Nbe, so substitution of Nbe did not always im-
prove the bond strength estimation. However, it is rec-
ommended to use Nbe because the authors’ previous study 

Table 3 Experimental parameters and bond strengths. 

Specimen f’c 
(MPa) 

bsi sw 
(mm) 

Nw sb 
(mm)

Nb pw 
(%) 

pbe 
(%) 

Pmax 
(MPa)

τuexp 
(MPa) 

τucal 
(MPa) 

τuexp / 
τucal 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) 
No. 1 24.8 1.618 100 2 -- 0 0.360 0.000 235 2.72 1.99 1.37 
No. 2 29.0 2.490 100 2 100 2 0.360 0.332 248 4.65 4.56 1.02 
No. 3 29.0 1.618 100 2 100 2 0.360 0.332 293 3.79 3.18 1.19 
No. 4 24.8 1.618 150 2 150 2 0.240 0.222 275 3.23 2.46 1.31 
No. 5 24.8 2.272 100 2 150 2 0.280 0.187 311 3.90 3.10 1.26 
No. 6 29.0 3.363 100 2 100 2 0.280 0.280 293 5.36 5.05 1.06 
No. 7 29.0 1.618 100 2 100 2 0.280 0.280 292 2.92 2.72 1.07 
No. 8 21.3 1.618 100 2 50 2 0.280 0.561 365 3.75 3.21 1.17 
No. 9 24.8 1.618 100 2 100 4 0.280 0.332 415 4.36 2.80 1.56 

No. 10 24.8 1.618 150 3 100 2 0.280 0.280 373 3.88 2.75 1.41 
Range of test parameters: Average 1.24 
bsi = 1.6 to 3.4; pw + pbe = 0.36 to 0.84%; (Nw+Nbe)/N1 = 0.8～1.3; and f'c = 21 to 29 MPa. C. O. V. 0.139 
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Fig. 6 Relationship between bond strength and bsi. 
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indicated that Nb often results in unsafe strength estima-
tion. 

Equation (6) is available within ranges of bsi = 1.6 to 
3.4, pw + pbe = 0.36 to 0.84%, (Nw+Nbe)/N1 = 0.8 to 1.3, 
and f'c = 21 to 29 MPa. The ratios τuexp /τucal of specimens 
No. 9 and No. 10 are considerably large. For specimen 
No. 10, the internal ties are supposed to confine the lon-
gitudinal bars and result in higher bond strength. The 
influence of the internal ties is discussed in the following 
section. 

 
5. Miscellaneous behaviors of specimens 

5.1 Local bond stress-slip relationship 
Figures 10(a) and 10(b) show the relationships between 
local bond stress τ and slip S of two longitudinal bars in 
specimen No. 1. Each figure presents the bond 
stress-slip curves of four points at a bar. The slips are 
calculated as a summation of end slip Sf and the bar 
elongation, which is derived from integration of the 
measured bar strains. The symbol x denotes the distance 
from the unbonded part (see Fig. 1(K)). 

Figure 10(a) represents the bar that touches the hori-
zontal parts of the stirrups while Fig. 10(b) shows the 
bar that touches the corner of the stirrups. The bond 
stresses of the latter became larger because of the con-

fining effect at the corner of the stirrups. 
The bond stress-slip curves were almost identical 

when the slips were less than 0.05 mm. After the bond 
splitting cracks occurred, the slips considerably in-
creased and differed. The differences between the 
measured points are supposed to depend on the progress 
of bond splitting cracks. 

Figure 10(c) shows the bond stress-slip relationships 
at four points along the longitudinal bars in specimen No. 
3. The bar touches the bond strengthening hooks. As 
mentioned above, loading of specimen No. 3 was re-
peated five times. The bond stresses were not constant 
even in the repetitions of constant load P as Fig. 10(c) 
shows. Negative bond stresses were observed at x = 
362.5 mm for a slip larger than 0.7 mm since residual 
slips exist at zero loads. 

 
5.2 Distribution of bond stress 
Figure 11 shows the distributions of bond stress τ along 
the longitudinal bar in specimen No. 2, which touches the 
corner of the hooks. Similar distributions are observed in 
the nine other specimens. 

In general, the bond stress distributions become flatter 
as load P increases because of the progress of bond 
splitting cracks. The bond stresses near the notches, 
however, are usually small because large bond splitting 
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cracks occurred in this region. The length of the bond 
deterioration regions was four to five times the longitu-
dinal bar diameter. 

 
5.3 Stresses of bond strengthening hook σb 
Figure 12(a) shows the distributions of stresses of bond 
strengthening hooks σb in specimen No. 2. The stresses 
are derived from the strain gauges attached at a depth of 
25 mm from the horizontal part of the hook. The hook 
yielded at x = 150 mm, where local bending occurred due 
to a large splitting crack. This yielding of the hook was 
limited locally and did not reduce the bond stress of the 
longitudinal bar at x = 150 mm, as shown in Fig. 11. 

Figure 12(b) shows the hook stress distributions of 
specimen No. 3. The distribution forms an ascending 
parabolic curve at a lower value of load P, and then be-
comes flatter as the load increases. The maximum stress 
is around 200 MPa, which indicates that normal mild 
steel is satisfactory as the material of the bond strength-
ening hook. 

 

5.4 Stresses of stirrups and internal ties σw 
Figure 13(a) shows the distributions of stirrup stresses 
σw of specimen No. 2. The stresses are derived from the 
strain gauges attached at a depth of 25 mm from the 
horizontal part of the stirrup. The stirrup stresses drasti-
cally increase when the value of load P exceeds 200 kN, a 
level at which the bond splitting cracks progress. In 
specimen No. 2, however, the maximum hook stress is 
350 MPa, which is lower than the yield stress. 

On the other hand, yielding of the stirrup is observed 
in specimen No. 5 as typically shown in Fig. 13(b). 
Yielding of the stirrups are also observed in other 
specimens, although the specimens contained additional 
reinforcements to resist shear cracks. Hence, 
high-strength steel reinforcements may be preferable 
even when the longitudinal bars are strengthened with 
bond strengthening hooks. 

Figure 14 shows the distributions of internal tie 
stresses of specimen No. 10. The stresses are derived 
from the strain gauges attached at a depth of 25 mm from 
the bottommost point of the internal tie. The anchorage 
depth of the tie is 70 mm. This depth, which is smaller 
than that of the bond strengthening hook, was determined 
considering the bar arranging work. 

Figure 14(a) shows the distributions in the span that 
failed at first while Fig. 14(b) those in another span that 
failed later. In the span shown in Fig. 14(a), bond split-
ting failure occurs and two of the three ties yield. The ties 
in another span shown in Fig. 14(b) restrained crack 
opening although the tensile stresses were lower than 250 
MPa. From the viewpoint of bar arranging work, how-
ever, internal ties are obviously less advantageous than 
hooks. 

 
6. Conclusions 

This paper presents an experimental study of reinforced 
concrete beams that feature supplemental steel hooks 
for bond strengthening along the longitudinal bars. The 
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following remarks are made based on the test results 
obtained for ten RC beam specimens. 
(1) The supplemental hooks acted as effective bond 

strengthening reinforcements. The effectiveness of 
the bond strengthening hooks was equivalent to 
that of stirrups and internal ties with respect to the 
ratio of net concrete width to total diameter of the 
longitudinal bars bsi, total cross sectional area ratio 
of the hooks, stirrups, and ties pw + pbe, and the ra-
tio of the number of anchorages of the stirrups and 
the hooks to the number of longitudinal bars (Nw + 
Nbe)/ N1. The modified equations proposed in the 
previous study rationally estimate the bond 
strengths of the specimens in these tests under 
conditions of bsi = 1.6 to 3.4, pw + pbe = 0.36 to 
0.84%, (Nw+Nbe)/N1 = 0.8～1.3, and f'c = 21 to 29 
MPa. 

(2) Safe estimates of bond strengths can be given 
when overlapping of the stress transmitting zones, 
whose diameter is 15 times the hook diameter (15 
dbb), is considered. The influence of overlapping is 

represented by effective number of hooks Nbe. 
(3) The hooks made of mild steels acted as bond 

strengthening reinforcements. On the other hand, 
high-strength steels are preferable for stirrups and 
internal ties since the shear reinforcements made of 
mild steel yielded in these tests. 

(4) From the viewpoint of bar arranging work, hooks 
are more advantageous than internal ties for the 
purpose of bond strengthening. 

(5) The strength of RC beams was improved by the 
bond strengthening hooks. The hooks resulted in 
strengthening effectiveness equivalent to that of 
stirrups and internal ties. 
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Appendix: Calculations of bond stresses and 
slips 
The average bond stress τ is simply calculated by Eq. 
(A1) since the bars remained elastic: 
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Fig. 13 Distributions of stirrup stresses. 
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Fig. 14 Distributions of internal tie stresses. 
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τ =
sgN

i∑ db Εs ε1,i/4/(400 mm–3sg)/ Nsg (A1) 

where 
Es = elastic modulus of longitudinal bar; 
Nsg = number of longitudinal bars to which strain 

gauges are applied; 
 = 2 for specimens No. 1, 2, 3, 4, 5, and 6; 3 for 

specimens No. 7, 8, 9, and 10; 
sg = length of coating of strain gauge = 25 mm; 
db = diameter of longitudinal bar; and 
ε1,i = strain measured by first strain gauge (at notch) 

of i-th bar. 
Local bond stresses and slips shown in Fig. 10 are 

derived from Eqs. (A2) to (A9). 

τ(x=362.5 mm)= db Εs (ε1–ε2)/4/(75 mm–sg) (A2) 

τ(x=275 mm)= db Εs (ε2–ε3)/4/(100 mm–sg) (A3) 

τ(x=175 mm)= db Εs (ε3–ε4)/4/(100 mm–sg) (A4) 

τ(x=62.5 mm)= db Εs ε4/4/(125 mm–sg /2) (A5) 

S(x=362.5 mm)= {ε1 ( sg/2 + 12.5 mm) + (ε1+ε2) 

(75 mm–12.5 mm–sg)/2+ε2 sg/2}+ S(x=275 mm) (A6) 

S(x=275 mm)= {ε2 sg/2 + (ε2 + ε3) (100 mm – sg)/2 

 + ε3 sg/2} + S(x=175 mm) (A7) 

S(x=175 mm)= {ε3 sg/2 + (ε3+ε4)(100 mm–sg)/2 

 +ε4 sg/2}+ S(x=62.5 mm) (A8) 

S(x=62.5 mm)= ε4{ sg/2 + (125 mm–sg/2)/2}+ Sf (A9) 
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