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Study on Shear Strengthening of RC Structures by Bonding Ultra

High Strength Fiber Reinforced Concrete Panels
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Concrete as one of the most important construction matcrials was studied for centuries. Especially
since Reinforced Concrete (RC) was patented by Joseph Monier in 1849, the development of
concrete material has stepped into a new age. With the countries' tremendous economic growth and
rapid development, a large amount of RC bridges have started to be built since 1960s. As time went
on, those RC bridges have been aging or deteriorated, which leads to an increase of the accident
tisks. Now, how to deal with these aging or deteriorated RC bridges becomes a very urgent issue.

Today therc exist a large number of aging RC bridges which have become huge potential safety
hazards. Due to the poor design and/or construction, some of the aging RC bridges cven do not mect
the safety requirements, like the shear capacity. Here, a new shear strengthening technique, bonding
the Ultra High Strength Fiber Reinforced Concrete (UFC) panels on the girder end of aging RC
bridges, was proposed. This technique has many attractive characteristics, such as outstanding
durability, workability, efficiency and reliability. The principle of the proposcd shear strengthening
method is to retard the opening and propagation of cracks around the ends of the RC beams by
bonding UFC panels.

There exist amounts of causes to rise the loss of structural performance for RC structures, such as
physical damage and chemical deterioration (due to carbonatation, chlorides, sulfates and distilled
water). The strengthening effectiveness of bonding UFC panels on the RC structures with concrete
degradation problem, such as the initial defect (low concrete strength), chloride attack (patch repair)
and Alkali-Silica Reaction (ASR) damage will be discussed in this study,

Initial defect (low concrefe strength)

In Chapter 2, a new shear strengthening technique, bonding the UFC panels on the girder end of
aging RC bridges, was proposed. Two groups of specimens, Group 1 and Group 2, were used to
evaluate the effects of the shear strengthening of UFC panels under different shear-span ratios (a/d =
2.5, 1.5). As there wete many RC bridges reinforced with round rebars in 1960s, round rebars in
tension werc used and the influence of rebar type was investigated in this study. In addition, the aim
of this experiment is to cvaluate the shear strengthening performance for aging or damaged RC
bridges. For this objective, RC beams were designed to break down in shear failure and few shear
reinforcement stirrups were set. In Group 1 (a/d = 2.5), onc control beam and five strengthened
beams were included, and two strengthened schemes (B type and DB type) werc designed.
Experimental investigations were implemented in terms of the upgrading of shear capacity and the
failure mode. In Group 2 (/d = 1.5), two control beams and two strengthened beams were included,
and the strengthening effect with low shear span ratio was explored.
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The results showed that, when the shear-span ratio (a/d) is equal to 2.5, the shear capacity of RC
beams was enhanced and the failure mode was ameliorated by bonding the UFC panels. Especially
when the DB type strengthening (bonding RC beams with round tensile rebars) was applied, the
improvement of the structural performance of RC beams was confirmed. Moreover, comparing
different types of tensile rebars, the results showed a greater strengthening effectiveness and
significant ductility were obtaincd in the beam with round tensile rebars. It is considered that a good
performance can be cxpected when the DB type strengthening scheme is applied in the practical
applications. When strengthening the RC beams with low shear span ratio, an un-predictable failure
mode (anchorage splitting failure) was observed. Thus, an anchorage reinforcement method was
proposed to extend the bonding region of UFC panel to the anchorage section. Based on the loading
test results, the improvement on the shear strength (40%) and the destruction energy absorption were
demonstrated, when the anchorage reinforcement method was applied. From the comparisons
between the different shear-span ratios, it is inferred that the strengthening effect varies with the
shear span ratios, It demonstrated that greater strengthening effects can be gained in RC beams with
low shear span ratio.

Low shear-span ratio

In Chepter 3, to investigate the influence of UFC panel strengthening on the shear resisting
mechanism and rebar bond-slip properties of RC beams with low shear-span ratio, experiments were
conducted. To better understand the influence of UFC panel strengthening on the shear resisting
mechanism in RC beams, the numerical analyses were also conducted. When analyzing the shear
resisting mechanism of the strengthened RC beams, it is essential to investigate the material
properties of UFC and the influence of UFC panel on the rebar bond-slip properties. So far, there are
lots of investigations on the evaluation of the material properties of UFC. However, the influence of
UFC panel on the rebar bond-slip properties has not been studied by now. According to the previous
research results, the rcbar bond-stip model affects the accuracy of analytical results. Thus, in the
investigations in this study, the rebar bond-slip properties was studied by conducting the rebar
bond-slip tests. Furthermore, two types of rebar-bond-slip models were compared through numerical
analyses,

The results showed that, by using the proposed shear strengthening method (bonding the UFC
panels), a very positive effect on the load bearing capacity was obtained. Comparing to Group 1
(concrete strength is 18.5 MPa), a higher increase of the ultimate load (56%) and the initial stiffness
(24%) were gained in Group 2 (concrete strength is 13.4 MPa) because of the lower concrete
strength. And the brittle failure mode (shear failure) was also changed to the ductile mode (UFC

(R&: E #& NO. 3)
panels blocking) in Group 2. Furthermore, from the experimental results, the shear capacity shared
by UFC panels does not rely on the concrete matrix configuration, which can be evaluated separately
from the matrix. The evaluation result shows the shear capacity shared by UFC panels can be
estimated within an acceptable error range. Furthermore, more effort is stili needed to verify and
improve the design method of UFC pane! strengthening on more specimens. According to the
bond-slip testing results, it was found that the proposed UFC panel strengthening method affects the
bond-slip properties of rebars. The maximum bond stress and softening behavior were both
enhanced in case of small cover. Moreover, from the comparison of experimental and analytical
results, the validity of the modified bond model (modified according to
the bond-slip tests) was verified. The original model underestimated the stiffness, while the
modificd mode! well captured the shear resisting behavior in the experimental results.

Chloride attack (patch repair)

In Chapter 4, the patch repair which is widely used to locally replace the deteriorated concrete
and corroded reinforcement bars, and to rehabilitate the pervious funetions of repairing objects
was considered. The patch repair method was carried out on the RC beams to study its effects on the
shear resisting mechanism. The strengthening effectivencss of bonding UFC panels on the patch
sepaired RC beams is evaluated. And the factors of shear-span ratio, patch repair and the
strengtirening of UFC panels arc also discussed in this chapter. RC beams were designed to break
down in shear failure and few shear reinforcement stirrups were set. Two groups of specimens,
Group 1 and Group 2 (with different shear-span ratio), were used to evaluate the effects of the shear
strengthening of UFC panels under different shear-spen ratios (a/d = 2.5, 1.5).

The results showed that, when a/d was cqual to 2.5, the load bearing capacity and stiffness were
enhanced by applying the patch repair. The concrete splitting around tensile rebars was delayed due
to the relatively good bonding of PCM and rebars. However, the beam broke down in the interfacial
debonding, which showed the integrality between the matrix concrete and PCM was hard to be
scoured. When repairing the RC beams with low shear-span ratio (/d = 1.5) using PCM, an
un-predictable brittle failure occurred. Besides, the decrease in load bearing capacity was observed.
The side cffect of applying patch repair on the structural performance should be paid attention
especially for the RC beams with low a/d. Due to the strengthening effect of bonding UFC panels,
the shear capacity and stiffness of RC beams were enhanced and the failure mode was ameliorated,
Especially the problems such as the interfacial debonding, the decrease in shear capacity and the
britte failure observed in the repaired RC beams were all restricted. It can be said that the integrality
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and safety of repaired RC beams can be secured by bonding UFC panels.

Alkali-Sitica Reaction (ASR) damage

In Chapter 5, it presented how to evaluate the degradation states of RC members which were
deteriorated by Alkali Silica Reaction (ASR) for 1 year and 3 years exposure tests, and investigated
the influence of the strengthening measures on the load-bearing capacity and failure mode. Two
series of RC beams were cast to simulate the bridge girder (Series A) and T-shaped RC pier beam
(Series B), respectively. The non-destructive inspections, loading tests, and strengthening
evaluations were conducted to evaluate the influcnce of the ASR damage and the strengthening
effects on the degradation states and load-bearing mechanism. In addition, to represent the
experimental results, different anafytical models were investigated in the numerical analyses.

The experimental results showed that the rebar restraint ratio and the exposure condition affected
the degradation siate in RC structures with ASR damage, which leaded to the different failures
in loading tests. Due to the influence of preceding cracks and pre-stress, the load bearing
mechanism changed from the diagonal tensile resisting mechanism to the arch mechanism, and
the bearing capacity was enhanced consequently, In addition, even though some specimens were
cast and exposed in the same conditions, different maximum load and stiffness were obtained in
the loading tests. The uncertainty and complexity of ASR damage were confirmed. Comparing
the experimental and FE analytical results, the validity of analysis method proposed for ASR was
verified. For ASR affected specimen, the no expansion model significantly underestimated the
stiffness and load-bearing capacity. Conversely, the chemical pre-stress model showed a good
agrecment with the experimental results, in which the chemical pre-stress due to ASR was
considered. Based on the different failure modes in Serles A and Series B, different strengthening
schemes were proposed to restrain the diagonal cracks or bond-split cracks. Using the proposed
shear strengthening method (bonding the UFC panels) leaded to a very positive effect on the load
bearing capacity in both Series A and Series B. Furthermore, the brittie failure mode was also
changed to the ductile mode.

Practical Study
In Chapter 6, the practical study on shear strengthening of RC beams using UFC panels was
conducted. By far, to evaluate the influcnce of concrete strengh, tensile rebar type, shear-span
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ratio and patching repair on the strengthening effects and the shear resisting mechanism, the
experimental investigations of the UFC pancls strengthening on RC beams with 1/4 scale depth
of real bridge girder were cenducted in previous chapters. However, whether the similar shear
strengthening effects can be gained on the existing bridge girder, becomes an important problem.
To realize the practical application, the influcnce of the factors in terms of size cffect and UFC
panel thickness has to be evaluated. In this chapter, the experimental investigations were
conducted to evaluate the strengthening performance of bonding UFC panels on the large
specimens and (o evaluate the influence of the factors in terms of size effect and UFC panel
thickness. JSCE recommendation equation was verified to evaluate the shear carried by UFC
panels,

The results showed that, the investigation of the size effect influence in the strengthening method is
an important step in the practical applications. In this chapter, the strengthening effects on two
different sizes beams were discussed, Comparing the 172 size and 14 size beams, similar
strengthening -improvements on shear capacity and ductility were obtained in the experimental
results, But for the stiffess, the upgrading cffect was only observed in the 1/2 size beams, Moreover,
the experimental results proved that the shear strengthening effects by bonding UFC panels could be
expected in the real size bridge girder. The JSCE recommendation equation was used to evaluate the
shear force carried by UFC panels. The evaluation results showed a good agreement with the
experimental results. Based on the splitting tensile

strength of UFC, the shear carried by UFC panels can be estimated within an acceptable error. This
evaluation means of shear capacity of UFC panles can be expected to guide the design of the UFC
panel strengthening. Morcover, adding a safety coefficient would be a practical means to involve the
influence from the changes of the failure mode and shear resisting mechanism.
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