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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 and columns. The RC members,
which consisted of 1,300 MPa-class spirals as shear reinforcement, often suffered from bond splitting failure. The
proposed method attempts to inctease confining stiffness around the flexural bars by placing U-shaped hooks and
to prevent premature bond splitting failure. Twelve specimens with varied amounts and sizes of the hooks were
prepared to verify the strengthening effectiveness under monotonic and cyclic loading conditions. The test result
indicated that the hooks increased the bond strength along the flexural bars although the strengthening effective-
ness was limited by effective reinforcement ratio py,. This limit is determined by size of stress-transmitting zones
of concrete around anchors of the hooks. Anchors of the hooks are recommended to be longer than twelve times
the hook diameter and inserted deeper than a quarter of the member depth (D/4). Proposed design equations pro-

vide modest estimates of the shear strengths.
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1. Introduction

Ultra high strength spiral provides large shear capacity to a
RC member without congestion due to over-reinforce-ment.
The spirals are especially effective for members of high-rise
RC buildings where large flexural and shear capacities are
required. Reduction of amount of shear reinforcement, how-
ever, often accompanies with reduction of bond strength along
flexural reinforcing bars. Fig. 1 compares two column speci-
mens in a previous work"; Specimen K1 consisted of a 1,300
MPa-class spiral while K2 was reinforced with larger amount
of normal strength ties. Specimens K1 and K2 possessed an
equivalent shear reinforcement level in term of p,q,, by 7.4
MPa to 7.8 MPa, where p,, = shear reinforcement ratio, and o,
= yield stress of shear reinforcing bar. Nevertheless, specimen
K1 resulted in a remarkably inferior ductility in comparison
with K2.

The deterioration of specimen K1 was caused by bond
splitting failure along the flexural bars as crack pattern in
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Fig. 1. The comparison between specimens K1 and K2 in-
dicates that the bond strength along the flexural bars de-
pends on rather stiffness of the lateral reinforcement than
the reinforcement’s strength.

According to AlJ(Architectural Institute of Japan) Guide-
lines”, the shear strength V,, is given by Egs. (1)~(10).
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Fig. 1 Specimens with and without bond splitting failure

Fig. 2 Limit of stress-transmission due to bond strength
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reduction

cotg=2-20R,
v= effective concrete strength factor

=(1-20R,) (0.7 — o/ 200)

tan6=+/(L/D)* +1 —L/D

A = effective area factor for truss action
=15,/ (2j)—b,/ (4)0)

b = width of member;

b, = effective width of member (= width of
core concrete encased in shear reinforcing
bars; see Tables 1 and 2)

b, = largest distance between ties

dy, = diameter of shear reinforcing spiral

D = depth of member

j. = effective depth of member

L = clear span-length

N, = number of flexural bars hooked by spirals

R, = drift angle of member

s, = spacing of shear reinforcing spirals

¢ = angle of concrete truss strut

@ =angle of concrete arch strut

op = compressive concrete strength(MPa)

7, = bond strength along flexural bar

Xy = total of diameter of flexural bar

(M

®

®)

(10)

Equations (2), (3) and (4) give the strengths deterrined
by amount and strength of shear reinforcement, concrete
strength and member geometry. However, a smaller spiral
ratio p,, reduces bond strength along the longitudinal har z,.
The reduction of the 7, results in a smaller tensile force in
the spiral and a smaller compressive force in the concrete
strut as illustrated in Fig. 2.

Equation (5) defines a shear strength limited by the bond
strength 7. The 7, is given by Eqgs. (11)~ (19).

= fp 4 (T + 7)) (11)
B, =1-10R, (12)
oy =0.75 + o / 400for top bar in a beam

=1 for others (13)
7, =(0.085b;+0.1) Jo, (14)
% =(54+45N,/N) (b + 1) py

for by; < b.; (15)

=36.5 7dpy / (Swdp) for by> b, (16)
b;= min(by, b.;) a7
b,; = coefficient for side splitting mode

=b/(N,dy)—1 (18)
b.; = coefficient for corner splitting mode

= N2 (dow+ deg— i) / diy— 1 (19)

where,
dy;= diameter of flexural bar
d.,= thickness of cover in depth direction
d., = thickness of cover in width direction and
N, =number of flexural bars in a layer

The Guidelines adopt an assumption that the 7, com-
prises contribution of concrete 7, and contribution of steel
7,. The latter is further classified into two cases according to
the bond failure modes. The coefficient b; defined in Eq.
(17) represents the failure mode, which is the smaller be-
tween by; given by Eq. (18) and b,; by Eq. (19). The side
splitting mode (b; < b.;) is usually a case in a member with
heavy flexural reinforcement, where adjacent longitudinal
bars are arranged with small spacing.

Equation (15) gives steel contribution to the 7, in the
case of side splitting mode. It takes account of the effec-
tiveness of the shear reinforcement by the cross-sectional
area ratio p,,, not by the p,,c,,, term. -

Fig. 3 illustrates application of U-shaped hook as one of
the possible methods to increase the bond strength, which
saves cost and labor”. The hooks can be applied after com-
pletion of arrangement of flexural and shear reinforcements.
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In addition, the hooks are made of inexpensive normal
strength steel and can be easily formed into the shape. The
bond-strengthening method proposed herein will therefore
achieve increase of shear and bond capacities at a lower cost,
avoiding a congested bar arrangement.

This paper presents an experimental study to verify effec-
tiveness of the bond-strengthening hooks with varied
amounts and shapes. The test results showed that the hooks
increased the bond strength and kept the RC beams and
columns from premature shear failure under monotonic and
even cyclic loading conditions.

Through the test, this paper discusses the influences of the
amounts and the shapes of the hooks on the bond strength 7.
The effective concrete strength factor v will be defined as a
function of only concrete strength og” although the actual
strength is influenced by the reinforcement”.

2. Experimental program

Twelve specimens were prepared, which consisted of
1,300 MPa-class spirals as shear reinforcement. Eight of
them belonged to N series(Table 1), while the rest to H se-
ries(Table 2). Fig. 4 illustrates geometries of the specimens
and Fig. 5 illustrates test apparatus. Strains in the rein-
forcements were measured with strain gauges (SG). Table 3
shows the material properties.

The N series represented beams with relatively light
shear reinforcement (p,, = 0.29 %) and normal concrete
strength (oz = 35.7 MPa). The specimens had span length
of 900mm, 300 mm deep and 300 mm wide. The shear span
to depth ratio a/D was 1.5. The flexural reinforcement con-
sisted of twelve steel bars with diameter of 16 mm.

Table 1 Cross-sections of N series specimens

1,300 MPa-<lass spiral
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Fig. 3 Bond-strengthening hook
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Fig. 4 Specimens

The H series represented columns at lower stories of
high-rise RC buildings. The specimens therefore consisted
of heavier shear reinforcement (p,, = 0.55 %) and concrete
with higher strength (o3 =45.1 MPa ).
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Table 2 Cross-sections of H series specimens
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Fig. 6 Cycle load patterns

The span, depth and width are enlarged up to 1200 mm,
400 mm and 400 mm, respectively. The a/D and axial force
ratio NV / (bDop) are respectively 1.5 and 0.15. Twelve bars
with diameter of 19 mm were provided as flexural rein-
forcement. Specimens N1, N2, N3, N4, N5, N6, HO, H4
and H8 were subjected to monotonic loads. These speci-
mens consisted of flexural bars with yield stress around 850
MPa in an attempt to induce shear failure before flexural
yielding. The specimens contain varied numbers and widths
of the bond-strengthening hooks made of normal strength
steel with diameter of 6 mm. The N, is defined as the total
of anchors of the hooks (Fig. 3) in a side of a specimen. The
Ny, is number of the flexural bars contacting with a hook,
and indirectly indicates the width of the hook. The anchor
length /,, which is distance between centroid of the flexural
bar and end of the anchor, was determined according to two
requirements by the AlJ. Firstly, Recommendation for De-
tailing and Placing of Concrete Reinforcement” requires
twelve times the bar diameter as the anchor length. Sec-
ondly, the Inelastic Displacement Concept Guidelines® re-
quire bond strengthening along flexural bars in a zone
within D/4—deep from the member surface. The /, was thus
determined around 70 mm. Equation (20) gives cross-
sectional area ratio of the hooks p;.
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Specimen N1~-N6 N7,N8 HO~HS8 H&C
og (MPa) 357 35.7 45.1. 45.1
6 (*10-3) | - 276 2.6
Gy, (MPa) 837 360 860 400
oy, (MPa) 916 499 966 588
Ey (GPa) 183 179 157 159
G,y (MPa) 1,387 1,387 1,398 1,398
Gwy (MPa) 1,391 1,391 1,481 1,481
Eqw (GPa) 181 181 194 194 °
Ovy (MPa) 305 305 409 409
Gbu (MP2) 452 452 500 500
Es, (GPa) 185 185 168 168
[ : Compressive strength of concrete
g : Strain at compressive strength of concrete
Oy, Ow : Respectively yield strength and tensile strength of
flexural bar
Ey : Modulus of elasticity of flexural bar
Owy, Owu ¢ Respectively yield strength and tensile strength of
shear reinforcing bar
Eq : Modulus of elasticity of shear reinforcing bar
Oby, Obu : Respectively yield strength and tensile strength of
bond strengthening hook
Eqo : Modulus of elasticity of bond strengthening hook
Po= 0Ny dys’ [ (4], s3) (20)
where,

dy, = diameter of bond-strengthening hook
sp = spacing of bond-strengthening hooks.

Specimens N2 and N7 contained no hook, but a set of
closed tie made of normal strength steel instead. The N, and
the N,, of N2 and N7 were therefore 0 and 0, respectively.

Specimens N7, N8 and H6C were subjected to cyclic
loads. Ratio of shear strength V, to flexural strength V), of a
member in an actual building is usually larger than 1.0. For
this reason, the specimens consisted of flexural bars with
lower yield stresses (360 MPa or 400 MPa) in order to re-
duce V,. Fig. 6 shows the applied cyclic load patterns.

Table 4 shows the calculated shear strengths of the
specimens using Eqs.(1)+(19) and equations presented in
the following sections. All of the specimens were designed
to satisfy V3, < Min(¥,,, V.p, V,3) in order to estimate the
bond strength 1;, by inducing the bond splitting failure
along the flexural bars. Table 4 also presents the shear
strength ¥, according to the AIJ’s Guidelines, where contri-
butions of the bond-strengthening hooks were neglected.

3. Test results

Table 4 shows the experimental shear strengths ¥,,,. The
V.s, of specimens with the bond-strengthening hooks under
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Table 4 Test result

Specimen N1 N2 N3 N4 N5 N6

Ph (%) 0.00 0.00 029 058 058 1.15
Pw (0w > 1,300 MPa) (%) 0.29 029 029 029 029 029
P (Oyy =305 MPa) (%) 0,00 029 000 000 0.00 000
Min(V;, Vi, Vi) (KN)| 348 452 348 348 348 348
Vi aN)| 236 290 276 298 298 298
¥, (Al Guidelines) (kN)| 236 290 236 236 236 236

Vep (kN)Y 545 545 545 545 545 545
v, (kKNY 299 374 375 433 429 406
Failure mode* B B B S+B  S+B S+B

Ton MPa)| 235 324 324 374 374 3.74

74, (Al) Guidelines) (MPa)| 2.35 3.24 235 235 235 235

Thowp (MPa){ 342 4.09 399 455 434 4.63
Specimen N7 N8 HO H4 H8 He6C

Py (%)} 0.00 029 000 049 099 074
pw (04 > 1,300 MPa) (%) 029 029 055 055 055 055
Py (0, =305 MPa) (%)| 029 0.00 0.00 0.00 000 0.00
Min (V. Vip, Vaz)  (KN)| 452 348 709 709 709 709
Vb (KN)] 290 276 472 628 628 628
V, (Al] Guidelines) (kN)| 290 236 472 472 472 472

Vep (kNY 235 235 1087 1087 1087 670
v, (kN)] 264 268 599 742 819 625
Failure mode* F F B B B F+S

Ty (MPa)] 3.24 324 345 549 549 549

74 (ALJ Guidelines) (MPa)| 3.24 324 345 345 345 345

Thep (MPa)| 3.72 516 4.14 6.70 608 5.55

Failure mode* : B = bond splitting, F = flexural yield,
S = shear failure

monotonic loads (specimens N2, N3, N4, N5, N6, H4 and HS)
were larger than those without the hooks (specimens N1 and
HO) in each test. Fig. 7 presents relationships between the
shear force and the drift angle. The shear forces remained con-
stant when the drift angle R, exceeded 2 %. At these plateaus,
the bond deterioration of flexural bars propagated, inducing
splitting cracks along the bars as in Fig. 8.
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Fig. 8 Typical crack propagation (specimen H4)

The specimens under cyclic loads maintained a constant
shear force after flexural yielding up to a drift angle R, of
3 %. Specimens H6C was subjected to a larger R, up to 5 %
and resulted in a significant drop of the shear force.

4. Analysis

4.1 Bond stresses

Strains of the flexural bars measured by the strain gauges
were converted into stresses using modified Ramberg-
Osgood model”. The bond stresses were then computed by
difference of the bar stresses between the adjacent strain
gauges. Although the bond stresses were not equal between
bars in a cross-section, they were averaged in the interest of
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Fig. 7 Relationships between shear force and drift angle
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design practice as adopted in the Guidelines®. Fig. 9(a)
presents relationships between the averages of the bond
stresses of the flexural bars and the drift angle. For the
specimens under cyclic loads (N7, N8 and H6C), only the
bond stresses at peak drift angle of every cycle are plotted.
The maximum bond stresses are listed in Table 4.

The bond stresses remarkably increased in the specimens
with the bond-strengthening hooks under monotonic loads
(N2, N3, N4, N5, N6, H4 and H8) in comparison with those
without the hooks (N1 and HO0). The former specimens
maintained the same level of the bond stresses even at a
large drift angle while the latter showed descending trends
of the bond stresses. Specimens under cyclic loads (N7, N8
and H6C) also presented bond deterioration at drift angle of
1.0 % or larger although the experimental bond strengths
Texp (= maximum bond stresses) were larger than those of
the specimens without the hooks.

4.2 Stresses of spirals and bond-strengthening
hooks

Fig. 9(b) shows relationships between the spiral stress
and the drift angle. The stresses presented in Fig. 9(b) are
maximum values in the span. In all the specimens, spiral

stresses exceeded 1,000 MPa and even reached the yield
stress in Specimens H4 and H8. Figure 9(c) shows relation-
ships between the bond-strengthening hook stress and the
drift angle. In contrast to the spirals, the hook stresses re-
mained lower than 300 MPa and none of them yielded. The
stress-drift relations were also illustrated in Figure9(c) for
the ties in Specimens N2 and N7, which had yielded.

The above observations indicated that the high-strength
spirals functioned as tension-ties in a strut-tie action with a
high stress over 1,000 MPa. On the other hand, the hooks
improved the bond strength along longitudinal bars, but
with a lower stress. The hook shall be made of inexpensive
normal strength steel because the induced stress is limited
by the anchorage capacity.

4.3 Bond strength

Fig. 10 shows relationships between the experimental
bond strength (= maximum bond stress) and total of the
of the and the bond-
strengthening hooks p,, + p,. The bond stresses increased as

reinforcement ratios spirals
the p,, + p, increased. However, the bond stress 7., of
Specimen N6 (p,, + p, = 1.44 %) was lower than that of N8
(0.58 %), and the z,.,, of H8 (1.54 %) lower than that of
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Fig. 9 Relationships between bond stress, spiral stress, hook(tie) stress and drift angle
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H6C (1.29 %). This observation implies a limit of effec-
tiveness of the bond-strengthening hooks.

The hook needs stress-transmitting zones of concrete for
anchorage as illustrated in Fig. 11(a). CEB-FIP model
code” suggests that a reinforcing bar induces stress to a

concrete zone within 7(1/2) bar diameters from the rein-
forcement. Therefore, over-reinforcement does not increase
the bond strength because it causes overlap of the adjacent
stress-transmitting zones as illustrated in Fig. 11(b).

Equation (15) is to be replaced by Equation (21), which
superposes contribution of the bond-strengthening hooks on
that of the spirals.

.= {54+ 45 (N, + Ny) / N} (b + 1) (P + Pre)

for b <by a2y

where,
Pre = 7t Ny dps” | (Be 55) (22)
Nye=min[Ny, b, / (15 dy) | (23)

Equation (21) considers only the side-splitting mode
since the hook aims at prevention of the premature side-
splitting failure. Equation (22) gives the effective ratio of
the bond-strengthening hook p;., which is determined by
the effective number of the anchors Ny, The pj, represents
upper limit of amount of the bond strengthening hooks. The
diameter of the stress transmission zone is given by 15
times bar diameter as illustrated in Fig. 11(a). This diameter
determines the N,, as expressed by Eq. (23). Here the N,,
must not be integer. It should be noted that Equations (21)—
(23) are available only when anchorage of the bond-
strengthening hook is longer than twelve times d,, » and
inserted deeper than a quarter of the member depth (D/4).
Solid lines in Figure 10 indicate the bond strengths calcu-
lated by Egs. (11)~(14), (17) and (21)~(23). The dotted
lines indicate those based on AIJ Guidelines, where the
contributions of the hooks were neglected.

For specimens under cyclic loads, the bond deterioration
is considered by the factor S, defined in Equation (12). The
B, reduces the bond strength linearly with respect to the
drift angle. Fig. 9(a) compares the calculated bond strengths
of Specimens N7, N8 and H6C with the test results. The
calculated strengths of Specimens.N7 and N8 are the same.
The equations provided good estimates of the descending
bond stresses.

4.4 Shear strength estimation

Fig. 12 compares the experimental and the calculated
shear strengths for specimens under monotonic loads. The
strengths based on the proposed equations remain constant

Bond-Strengthening Hooks for RC Members with High Strength Spirals
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Fig. 10 Bond strength — reinforcement ratio relations
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Fig. 11 Stress — transmitting zones of concrete around
anchors of bond-strengthening hooks
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Fig. 12 Shear strength-reinforcement ratio relations for
specimens under monotonic loads

at p,, + p, larger than 0.7 % for N series and 1.0 % for H
series because of the upper limit of the effective reinforce-
ment ratio p;. of the bond-strengthening hooks defined by
Eqs. (22) and (23). The shear strength of a member under a
cyclic load is limited by the flexural capacity and the bond
strength. Equations (24)—(27) provide an approximate
strength determined by the flexural yielding V, 3,
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Vi=2M,/L 24)

where,
M,=09a,0,d for N=0 25)
M,=0.8a, 0, D+ 0.5 ND{1 —-N/(bDop)}, for
N>0 (26)
a,=N,wd,’ 4 X))

N = compressive axial force (N > 0).

The calculated shear strengths for cyclic loading condi-
tions are drawn in Fig. 7. The strengths are limited by the
flexural capacity ¥, in a smaller drift angle, and then begin
to decrease because of the bond deterioration. These calcu-
lations provide modest estimates of the shear strengths for
both the monotonic and the cyclic loading conditions.

5. Conclusions

Effectiveness of the bond-strengthening hooks was inves-
tigated through monotonic and cyclic loading tests of
twelve RC specimens, which consisted of 1,300 MPa-class
spirals. The anchor length of the hook /, was twelve times
the hook diameter (12 dj;), and the anchors were inserted
deeper than a quarter of the member depth (D/4). The fol-
lowing remarks were made based on the test results;

1) The proposed bond-strengthening hooks increased the
bond strengths along flexural reinforcing bars and the
shear strengths of members. The specimens maintained
the shear strengths at least up to drift angle of 3 % even
under cyclic loads.
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2) Effectiveness of the bond-strengthening hook was lim-
ited because the anchor of the hook needed stress-
transmitting zone of concrete. Diameter of this zone as-
sumed to be 15times the hook diameter according to
CEB-FIP model code.

This work was supported by the RRC/NMR program of

MOCIE in Kongju National University and Neturen Corpo-
ration (Japan). :
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