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The bond strength of concrete members at reversed cyclic loads is quite different from that of the
concrete members at monotonic loads. Reversed cyclic loads produce a progressive bond deterioration
that can lead to failure at cyclic stress levels lower than the ultimate stress at monotonic loads. In
addition, the structural behavior of concrete members at dominant reversed loads reveals a dramatic
reduction of energy dissipation in the hysteresis region due to a severe pinch effect. A method was
proposed to predict the structural behavior of concrete members failing in bond after flexural
yielding. The method takes into account the bond deterioration due to the degradation of concrete in
the postyield range. To verify the bond behavior by the proposed method, predicted results were
compared with the experimental data for concrete members at reversed cyclic loads, cited in the
literature. Comparison of the experimental and calculated bond behavior of examined concrete
members showed reasonable agreement.

Keywords: reversed cyclic load, flexural bond strength, shear bond strength, bond strength
deterioration, concrete structures.

Introduction. Good performance of a reinforced concrete requires an adequate
interfacial bond between the reinforcing material and the concrete because the load applied
must be transferred from the matrix to the reinforcement. Although the bond behavior of
the steel bars in concrete subjected to monotonic load has been established and clearly
addressed in various design codes, direct application of the codes to the bond strength
deterioration and deformability of concrete members subjected to reversed cyclic load
would be erroneous, insofar as the bond behavior of reinforced and prestressed concrete
members subjected to reversed cyclic load is expected to vary from that of concrete
members subjected to monotonic load. The variation arises from the fact that the bond
behavior of concrete members subjected to reversed cyclic load is controlled by the key
parameters, such as load patterns, length of a plastic hinge, failure modes, and flexural
yielding, which are different from those of the concrete members subjected to monotonic
loading. The accumulation of bond damage of a concrete member subjected to repeated or
cyclic loading is assumed to be caused by the propagation of microcracks and progressive
crushing of concrete in front of the lugs. The bond degradation primarily depends on the
peak slip in the previous direction. Other significant parameters are: rib pattern, concrete
strength, confining effects, number of loading cycles, and the peak value of slip. Hence, a
deeper insight into the bond behavior of reinforced and prestressed concrete members
subjected to reversed cyclic loading is required [1].

In the reinforced concrete buildings, bond failures via flexural yielding are more
frequently observed during seismic events than those due to bending moments. The
behavior of reinforced concrete members, which is dominated by bond or shear action,
reveals a drastic reduction of energy dissipation in their hysteretic response due to strong
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pinch effects. After flexural yielding, plastic hinges develop near both ends of these beams,
while the reversed cyclic loading produces a progressive deterioration of bond that may
lead to failure at cyclic bond stress levels lower than the ultimate stress under monotonic
loading. In addition, flexural bond stress increases with the plastic hinge length induced by
positive and negative loads [1]. Ichinose revealed the effect of axial force and load patterns
on the bond strength of reinforced concrete columns and proposed a method to prevent the
bond failure in reinforced concrete columns [2]. Lee and Watanabe studied the strength
deterioration of reinforced concrete beams under cyclic load and proposed a method to
predict the deformability of reinforced concrete beams failing in shear after flexural
yielding [3]. However, they failed to predict the structural behavior of reinforced concrete
members failing in bond. Masuo proposed formulas for evaluating the ultimate strength of
reinforced concrete members subjected to antisymmetrical bending moment taking into
account the splitting bond strength [4]. For concrete reinforced by steel bars, many studies
have been conducted on the bond stress vs. slip curves of reinforcement in the concrete
structures. Eligenhausen et al. [5] and Harajli et al. [6] proposed models to predict the bond
stress vs. slip curves of steel bars in concrete subjected to monotonic or cyclic loading. In
addition, Bazant et al. [7, 8] reported that the bond strength decreased with the increasing
of bar diameter, and Morita et al. [9] found that the influence of the bar size on the bond
strength was reduced by the constraint effect of transverse reinforcement. The bar size is
considered as a critical parameter in calculation of the development length of deformed steel
bars in the ACI-318 design code [10]. However, these studies provided no method to
predict the bond strength deterioration of reinforced concrete members subjected to
reversed cyclic loading.

In this study, a method is proposed to predict the structural bond behavior of concrete
members under reversed cyclic loading.

Flexural Bond Failure Mechanism. Figure 1 shows a reinforced concrete beam
failing in bond after flexural yielding. It also shows the crack pattern and the stress
distribution of steel bars along the span of the beam subjected to an antisymmetric moment
distribution. When a reinforced concrete beam is subjected to bending moment, the
difference of stresses in the flexural steel bar causes bond stress (7 ;). From the balance of
forces, the bond stress (7 f), which is the rate of force variation in the reinforcing bars, can
be derived as

T+7 ;(pdx)=T+dT, 1

where 7T is the tensile force of the longitudinal bars, dT is the incremental tensile force of
the longitudinal bars, dx is infinitesimal length of beam, p is the perimeter of steel
section, taken as p=wxd,, and d, is the steel bar diameter.

Therefore, the bond stress (7 ;) can be calculated from Eq. (1) as

_dr

T a @

When a concrete member is subjected to an antisymmetric moment distribution, d7 is
the sum of the tensile (7') and compressive (C,) forces of the longitudinal bars. Thus, the
bond stress of concrete members subjected to a seismic load is

T+C,
T,=—". 3
T (€))
where [/ is the bond length.
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Fig. 1. Failure of a reinforced concrete beam in bond: (a) a beam subjected to reversed cyclic
loading; (b) stress distribution in the steel bar; (c) forces at the infinitesimal length dx.

Before the beam attains its flexural strength, the bond length in Eq. (3) is equal to the
beam length. However, when plastic hinges develop at both ends of the beam after flexural
yielding, the bond length (/) is reduced to the effective bond length (/,), i.e., the beam
length minus the plastic hinge length (/,). As a result of the bond length reduction, the
flexural bond stress (7 ;) along the longitudinal reinforcing bar increases to the following

value:
_T+C,  A,df;

Ip lp ®

Ty

where A4, is the cross-sectional area of the steel bar.

After plastic hinges develop near both ends of the beam, the tensile stress, f;, of sthe
teel bar in Eq. (4) reaches the yield stress value (f},), while the compressive stress of the
steel bar attains approximately the value of 0.7 f), [11]. Therefore, the stress, df;, in Eq. (4)
can be replaced by the yield stress of the steel bar, 1.7,

4,074,
EANT=TRYS )

Shear Bond Failure Mechanism. The bond failure of concrete members is also
influenced by a shear force. After the appearance of the 45-degree truss model by Ritter
[12] and Morsch [13] at the turn of the twentieth century, there had been efforts to predict
both shear strength and shear deformations using the equilibrium and compatibility
conditions. In the truss model, the longitudinal reinforcement and transverse reinforcement
are considered as the tensile chords of the truss, and the diagonal concrete strut as a
compressive chord. Based on these findings, other compatibility-aided truss models, such
as the modified compression field theory [14], the rotating angle softened truss model [15],
and the fixed-angle softened truss model, were developed. In accordance with these truss
models, the stresses in a reinforced concrete element are defined by the following three
equilibrium equations:

o,=0i+p,f (6)

o, =0 +p.fy (7
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Ty =Tj. (®)

Here the three concrete stresses (0§, oy, and 7§,) in the /— ¢ coordinate system can

be related to the principal stresses of concrete (0, and o,) in the d—r coordinate
system using the stress transformation principle, and Eqs. (6)—(8) can be reduced to

0,=0y cosza+0rsin2a+plfl, )
o,=0y,sin’a+o,cos’atp,f,, (10)
T, =(—0,4+0,)sinacosa, an

where o, and o, are the stresses in the reinforced concrete element in the / and ¢
directions, respectively, g; and oy are the stresses on the concrete element, respectively,

7, is the shear stress on the reinforced concrete element in the /—¢ coordinate, 7y, is the

shear stress on the concrete element, f; and f; are the average steel stresses in the / and
¢t directions, respectively, p; and p, are the steel ratios in the / and ¢ directions,
respectively, 0, and o, are the average normal stresses of concrete in the d and r
directions, and « is the angle formed between the direction of the principal compression
stress of concrete and the longitudinal steel direction.

In order to realize a truss mechanism, bond stress, 7, required for this mechanism
must be smaller than bond strength. The bond stress required for the truss mechanism
realization is obtained from the equilibrium of forces

Vo (o4 cos’a—0,sin* a)b
pjd p

Ty =

) (12)

where V' is shear force taken as V' =1, (bjd), b is the section width, and jd is the lever
arm.

Calculation Method of Bond Deformability.

Step 1: At the first step, the properties and geometric features of the specimens are
input into the algorithm with the member rotation, R,,, which is defined as R,, = §//, where
0 is the deflection and / is the concrete member length.

Step 2: The axial strain, ¢, in the plastic hinge region of a given concrete members
subjected to reversed cyclic load is calculated in the second step. Lee and Watanabe [16]
proposed the following equation to evaluate the axial strain for the envelope curve:

Ry +Ry .
TS ) (13)

M
l, = O'S(Vh)d (075d =1, =d), (14)

where R,,, and R, are positive and negative rotations of the concrete beam, respectively,

[, is the length of the plastic hinge region, M, /(Vh) is the shear span-to-depth ratio, and

d 1is the beam effective depth.
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Step 3. At the third step, the slip of steel bar (S) is calculated. Before the flexural
yielding of the beam, the strain distribution changes almost linearly along the member,
while after the flexural yielding the steel strain in the plastic hinges of the beam abruptly
increases because of the strain accumulation of the longitudinal steel bars. The analytical
results of the displacement-based assessment of reinforced concrete frames in earthquages
by Bonacci and Wight [17] indicated that the share of anchorage in deformation increased
with the story drift. After plastic hinges develop at both ends of the beam, the pullout slip
of the beam steel bars in the joint panel can be calculated as

l

S=[(e,— e, ), (15)
0

where ¢ is the strain of steel bars and ¢, is the strain of concrete. Since large inelastic
deformations are likely to occur in the interior joints, the contribution of the concrete
strains to the relative slip is negligible. Thus, Eq. (15) becomes

]
§=[egdx (16)
0

Step 4: The bond strength of concrete members subjected to reversed cyclic load is
calculated at Step 4. Repeated or cyclic loads produce a progressive deterioration of bond
that may lead to failure at cyclic bond stress levels lower than the ultimate stress under
monotonic load. The accumulation of bond damage is supposed to be caused by the
propagation of microcracks and progressive crushing of concrete in front of the lugs [5].
Cycles with reversed load produce degradation of bond strength and bond stiffness that is
more severe than those at the same number of load cycles with a unidirectional repeated
load. Degradation primarily depends on the peak slip in either direction reached previously.
Other significant parameters are rib pattern, concrete strength, confining effects, number of
load cycles, and peak value of slip, between which the bar is cyclically loaded.

The analytical models of the local bond stress-slip relationship for cyclic load were
proposed by Morita and Kaku [18], Tassios [19], and Eligehausen et al. [5]. Model [5]
takes into account the main parameters that appear to control the behavior observed in the
tests. Reduced cyclic envelopes are obtained from the monotonic envelope by decreasing
the characteristic bond stress through reduction factors, which are formulated as a function
of the so called damage parameter. In the present study, the bond strength, 7,,, proposed
by Fujii and Morita [20] is used. In addition, the analytical model for bond stress vs. slip
relationship of concrete [5] is applied, as follows

Tou =Teo TTsts (17)
where 7., is the concrete contribution to the shear stress, which is derived as
7., = 0313(04b; +05),/ 1., (18)

7, 1s the reinforcement contribution to the shear stress, which
in case of the corner splitting, is reduced to

504,/ /1
T, = 0.313S;bf‘, (192)
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and in case of the side splitting, is derived as

_0313(40 10N, 30N,

rst
sd, \N, N, N,

AN Je (19b)

where b; is the coefficient related to the bond failure mode, f, is the compressive
strength of concrete, A, is the sectional area of the shear reinforcement covering the
corner steel, N, is the number of the flexural steel bars directly hooked by the
supplemental ties, N, is the number of free (not hooked) flexural steel bars, and N, is
the total number of directly hooked flexural steel bars. The values of 7,,, 7, and f. in
Egs. (18), (19a), and (19b) are given in MPa.

Step 5: At step 5, the flexural bond stress and the shear bond stress are calculated via
Egs. (5) and (12), respectively.

Step 6: After the bond strength, 7,,, and flexural and shear bond stresses are
calculated at Steps 4 and 5, the bond resistance and bond force is calculated as

Viuw = Tpu Pid, (20a)

If the value of ¥}, is higher than the shear value, Vg, Which corresponds to
formation of the plastic hinge, a new value of the longitudinal axial strain is assumed and
the steps are repeated until the potential shear value V), (or V) equals the shear force at
onset of flexural yielding, V gy, When Vy, (or V) reaches Vg, the corresponding
deflection (or rotation) assumed in Step 1 is taken as the maximum deformation, R, of the
beam failing in bond. In case of a shear fracture mode, once a transverse strain value is
attained, the analytical shear force, V},, in the beam can be assessed using the compatibility
procedures of the applied truss model [14, 15].

Step 7: The deflection (or rotation) of the concrete members failing in bond is
calculated at Step 7. The least value of the two calculated maximum deflections or rotations
is taken as the ductile capacity of these members (see Fig. 2):

A=min[A , Ay] or R=min[R, R, ], (21)

where A, and A, are the maximum deflections of the reinforced concrete members
failing in shear and bond, respectively, while R; and R, are the rotations of the
reinforced concrete members failing in shear and bond, respectively. The least value of R,
and R, is taken as the maximum deformation of the reinforced or prestressed concrete
members subjected to the reversed cyclic loading.

Testing Plan. The proposed model to calculate the bond deformability of concrete
members subjected to reversed cyclic load was verified against the observed results of four
reinforced concrete beams. All tested beams were designed to fail in bond after flexural
yielding [21]. The potential shear strength ratio was higher than 1. Figure 3 shows the
overall dimensions, arrangement of reinforcement, as well as the loading setup. Each tested
specimen consisted of two regions: a test region of 1200 mm long and a loading region
consisting of two loading stubs, 400 mm long. Heavier reinforcement was placed outside
the test region to prevent a premature failure in the stub zones.

The tested beams were 200 mm wide and 300 mm deep. The specimens were loaded
with an antisymmetric moment distribution using a hydraulic jack and a servo actuator, as
shown in Fig. 3. The compressive strength of concrete was assesed as 29.3 MPa. Table 1
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Fig. 2. Deformability of reinforced or prestressed concrete members subjected to reversed cyclic
loading.
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Fig. 3. Test specimen and loading system [21].

shows the material properties of the beams in details. Further details about the tested beams
and the test procedures can be found elsewhere [21].

The specimens were loaded at 600 mm far from the lower stub and one plastic hinge
was developed in the lower end of the beams. The schematic diagram of experimental
set-up and the locations of a linear variable differential transducer (LVDT) are shown in
Fig. 3. Five linear displacement transducers were attached to face of the hinge region of the
test beam to measure the curvature, longitudinal and transverse axial deformation, as well
as shear deformation. In addition, the strains of the transverse and longitudinal steel bars in
the test region were measured by strain gauges attached to the surface of the steel bars. Two
LVDTs were attached to the face of the base stub to measure the axial elongation in the
stub. Four LVDTs were attached to both sides of the beams to measure the angle of
rotation, the deflection, and the P-delta effect. The specimens were supported in the vertical
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Table 1
Test Specimens

Member Jos Shear reinforcement Longitudinal tensile reinforcement

MPa s | b | Aws | fye | L P

mm % mm? MPa % mm? MPa

BBI1 29.3 82 0.390 | 479.70 | 384.0 4 1.965 | 884.25 | 435.0

BB3 29.3 80 0.800 | 960.00 | 384.0 4 1.965 | 884.25 | 435.0

BB5 29.3 143 0.224 | 480.48 | 384.0 4 1.965 | 884.25 | 435.0

BB7 29.3 108 0.593 | 960.66 | 384.0 4 1.965 | 884.25 | 435.0
Note: f is the compressive strength of concrete, s is stirrup spacing, p,, is shear reinforcement

ratio, 4,, is the total area of stirrup, f,,, is yield stress of stirrup, A4, is area of longitudinal steel, f;,
is the yield stress of tensile longitudinal bar, » is the number of tensile reinforcements, and p, is
tensile longitudinal reinforcement ratio.
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Fig. 4. Experimental and calculated load vs.rotation angle dependences.

position, and quasi-static cyclic lateral load was applied to the top of the column using a
servo-controlled hydraulic actuator. A lateral cyclic load was applied under displacement
control by a horizontal actuator with the displacement capacity of 400 mm. To prevent
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any displacement in the out-of-plane direction, four rollers were applied. In the test, a
strain-controlled test procedure was adopted. The test was terminated when the resisting
force in the post-peak load-deformation curve dropped to about 80% of the recorded peak
strength.

Ductility Capacity Prediction. All tested specimens failed in bond after flexural
yielding. The first minor flexural cracks appeared about 30 kN in the lower part of the
member. Flexural yielding was observed at a drift ratio of approximately 0.8%. Cracks and
concrete spalling were observed in the plastic hinge region after the flexural tensile steel
bars reached their yield stress values. Failure of all tested specimens occurred by the bond
mechanism, while no cases of longitudinal bar buckling were observed.

Figure 4 shows the predicted and experimental load versus rotation responses for four
specimens, where the predicted deformability was obtained according to the calculation
procedure. The potential shear and bond strength of the truss mechanism are gradually
reduced with the rotation angles. When the potential bond strength reaches the respective
bond stress value, the corresponding deflection (or rotation) assumed at step 1 is taken as
the maximum deformation of the beam. The results obtained show that the proposed
method predicted the bond deformability of the reinforced concrete members with a
standard deviation of 1.27 and covariance of 14.2%.

Conclusions. In the concrete buildings, bond failures after flexural yielding are
frequently observed rather than bending moments during seismic events. In this study, a
method was proposed to predict the structural behavior of reinforced and prestressed
concrete members failing in bond after flexural yielding. From the analytical and
experimental investigations, the following conclusions can be drawn.

1. A bond ductility evaluation method for concrete members subjected to reversed
cyclic loading was proposed with consideration of the degradation of bond strength due to
the accumulation of bond damage.

2. The proposed method was compared to the experimental results of four reinforced
concrete members failing in bond. Using this approach, the bond deformability of the tested
concrete members was predicted with a reasonable accuracy.

3. However, additional efforts are required for studying the effect of strength
deterioration at large rotation angle values to predict more accurately the ductile capacity
of concrete members failing in bond after flexural yielding.
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