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specimens CIP-R and PC2-R, 33% and 40% of the original steel elastic modulus were used to model the damaged
steel, correspondingly. Secondly, a one-dimensional bond-slip model, as shown in Fig. 4(b), based on recent
research [22] was modified for the repaired specimen. In the bond-slip model, as shown in Fig. 4(b), the longitudinal
steel bar with the damaged steel properties was discretized and connected to the bond-slip springs, which were
modeled using the ZeroLength Element. The bond stress-slip relationships in the bond-slip springs were obtained
from the CEB-FIB Code in the case of splitting mode failure[17]. For the length of the steel bar embedded in the
previously damaged region, the bond stress-slip relationship for unconfined concrete was used for the bond-slip
spring elements; for the remaining length of the steel bar outside the previously damaged region, the bond stress-slip
relationship for confined concrete was used for the bond-slip spring elements. In the one-dimensional bond-slip
model, one end of the steel bar was pulled to get the total deformation, including both steel bar elongation and slip.

The total deformation of the steel bar, As, including both elongation and slip was obtained. The strain, &, was
calculated based on Eq. (2):
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== @)
where L, is the defined plastic hinge length. In Model Fiber, 356 mm (14 in.), or 67% of the column width, was
used for the defined plastic hinge length of cast-in-place specimen CIP-R; a defined plastic hinge length of 305 mm
(12 in.), or 57% of the column width, was used for precast concrete specimen PC2-R. The modified steel stress-
strain curve with consideration of initial damage and bond-slip is thus obtained, which was used for the steel bars in
the plastic hinge region of Model Fiber.

Model rotational spring (RS)

In Model RS, concentrated plasticity was considered using a non-linear moment rotational spring located at the
repaired cross-section. A sectional moment-curvature analysis was performed, based on damaged steel properties
and considering bond slip, to obtain the moment-rotation relationship, which is assigned to the non-linear rotational
spring. The model with a rotational spring, referred to as Model RS, is shown in Fig. 5(a). For this nonlinear
rotational spring, a moment-rotation curve is considered as the input, as shown in Fig. 5(b) [21,22]. The Hysteretic
material in OpenSees is used to represent moment-rotation relationships with the selected parameter as shown in
Table 2. The moment-rotation at the peak point was derived from sectional analysis considering bond-slip.

COMPARISON OF ANALYTICAL AND EXPERIMENTAL RESULTS

The results for repaired specimens CIP-R and PC2-R from Model Fiber and Model RS are compared to the
experimental results in terms of hysteretic response, hysteretic energy, and moment-rotation relationship in Figs. 6-
9. Both Model Fiber and Model RS predict the backbone curve and hysteretic energy in a satisfactory manner. For
specimen CIP-R, Model Fiber performed better than Model RS at capturing the pinching behavior of the hysteresis,
as shown by comparing Fig. 6(a) to 6(b). For specimen PC2-R, Model RS performed better than Model Fiber for
matching the experimental hysteresis curve, as shown by comparing Fig. 8(a) to 8(b). Regarding moment-rotation at
the repaired section, the experimental moment-rotation curve was measured up to the peak bending moment, as
shown in Figs. 7 and 9. The analytical results for Model RS and Model Fiber not only matched the experimental
results, but also predicted the performance after softening. Comparisons between experimental and analytical results
in terms of hysteretic energy for specimen CIP-R and PC2-R are shown in Figs. 7(a) and 9(a). The results from the
two analytical models agree well with the experimental results.

Low-cycle fatigue of column longitudinal steel bars in Model Fiber is also predicted. For specimen PC2-R, extreme
longitudinal bars fractured in the last cycle due to low-cycle fatigue, at the specific drift ratios shown in Fig. 8(a);
this shows very good agreement with the experimental results [7,8]. For the analysis of specimen CIP-R with
pinching and bond-slip due to debonding between the column and repair system, Model Fiber would be more
appropriate than Model RS for simulating the structural behavior. For structures without significant bond-slip
between steel bars and surrounding concrete, and for precast concrete structures, Model RS would be preferable.
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CONCLUSIONS

Two severely damaged bridge columns, with damage including bar pullout, buckling and fracture of column
longitudinal steel reinforcing bars, and considerable concrete crushing, were successfully repaired. A steel collar
was provided to increase the bond between the original column concrete and the external CFRP shell with anchored
headed steel bars and non-shrink grout. The following conclusions can be made:

1.

The proposed repair method of using a CFRP shell and epoxy anchored headed steel bars effectively
relocated the column plastic hinge; strength capacity, displacement capacity, and energy dissipation were
successfully restored. The steel collar was successful in strengthening the bond between original column
concrete and repair concrete.

Two analytical models, the first considering plasticity spread over a defined plastic hinge length (Model
Fiber) and the second using a concentrated rotational spring (Model RS), reproduced hysteresis curves and
hysteretic energy dissipation that matched the experimental results very well.

Both Model Fiber and Model RS analytical models considered bond-slip effects, effects of previous loading
history and degradation of longitudinal steel bars, and low-cycle fatigue effects.

Model Fiber is easier to implement than Model RS; the latter specifically requires the moment versus
rotation properties of the nonlinear spring as input.

Model Fiber performed better than Model RS for matching hysteresis curves, especially for structures with
a pinching effect. The proposed analytical model, Model Fiber, in addition to matching the hysteresis
curves produced local responses such as moment-rotation relationships and could be used for prediction
purposes.

Model RS performed better than Model Fiber for matching the hysteresis curves of precast concrete
structures that have a good bond condition between column longitudinal bars and column concrete, as well

as between column concrete and CFRP donut concrete.
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NOTATION

= coefficient about if the bond-slip is considered in the plastic hinge
= diameter of the longitudinal column reinforcement

= yield strength of the steel bars

L, = plastic hinge length

= shear span

= strain of longitudinal bars

= total deformation of the steel bar
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Table 1—Original and repaired specimen test results

Specimen CIP-O CIP-R PC2-0 PC2-R
Lateral load capacity, kN (kip) 168 (37.8) 203 (45.6) 177 (39.7) 217 (48.8)
Ultimate drift ratio, (%) 9.3 8.1 5.5 7.6
Failure mode East and west | Severe concrete GSS bar | West and east
bar fracture crushing pullout bar fracture
Displacement ductility 9.9 6.8 4.9 7.1

Table 2 — Parameters used in hysteretic material of Model RS

Specimen Pinching factor for | Pinching fgctor for | Damage due to | Damage dueto | Unloading stiffness
force, p, deformation, p,, ductility, D4 energy, D, degradation factor,

CIP-R 0.45 0.20 0.004 0.02 0.30

PC2-R 1.00 1.00 0.000 0.01 0.35

(b)

Fig. 1—Original specimen damage: (a) CIP-O; (b) PC2-O
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Fig. 2—Repair design: (a) CFRP donut design for CIP-R and PC2-R; (b) steel collar design for PC2-R
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(a) (b)

Fig. 3—Plastic hinge relocation: (a) CIP-R; (b) PC2-R
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Fig. 4—Model Fiber: (a) schematic of Model Fiber; (b) schematic of bond-slip model
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Fig. 5—Model RS: (a) schematic of Model RS; (b) backbone curve for rotational spring
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Fig. 6—Hysteretic response of CIP-R: (a) Model Fiber and test; (b) Model RS and test
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