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Abstract

Strain-hardening fiber-reinforced cement-based composites (SHCC) have the potential for enhancing the seismic
performance of RC columns and repairing seismic damaged columns due to their strain-hardening and multiple fine cracks
characteristics. Previous studies based on full-scale and small-scaled column models showed that use of SHCC could
mitigate damage of cover and core concrete, local buckling of longitudinal bars. However, there is still uncertain for
failure mechanism; local buckling, low cycle fatigue failure of longitudinal bars, damage of repaired cover and core
concrete of SHCC repairing parts.

This study investigates failure mechanism of repaired RC columns using SHCC based on unilateral cyclic loading tests
of 0.2-scaled RC column models that have been compared with a full-scaled RC column model with regarding to strength,
ductility and so on in authors’ previous studies in order to minimize the size effect of scaled column models. Following
the authors’ previous studies, this study repaired damaged 0.2-scaled RC columns which were tested in the authors’
previous studies and carried out their cyclic loading tests. For repairing, this study used a spraying cement mortar with
the 2 % volume of polyvinyl alcohol fiber having 40.0 um diameter and 12 mm length after removing cover concrete of
the damaged columns.

As a result of cyclic loading tests, the maximum strength of repaired models could recover to 90% degree. Horizontal
flexure cracks were observed as multiple fine cracks to the maximum strength and the SHCC of cover concrete area
mitigated the spalling and local buckling of longitudinal bars. As results of observation of the repair part with X-ray
CT system and SEM, cracks occurred from longitudinal bars propagated to the circumferential direction at the
boundary of spraying cement mortar layers. It is said that the decreasing of the cross section of the column due
to the crack propagation leads to sudden strength drop after the maximum strength. In addition, the fracture
process of longitudinal bars was clarified by observing dimples on fracture surface.
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1. Introduction

Although concrete materials are generally used as one of structural materials, the tensile strength performance
is inferior to the compressive strength clearly. For example, the tensile strength is one-tenth of the compressive
strength and concrete materials show brittle behavior under tensile stress loading. Recently, fiber reinforced
cement composites that mixed short fiber to improve the tensile strength performance have been developed.
The specific behavior of especially strain-hardening fiber-reinforced cement-based composites (SHCC) that
mixed polyvinyl alcohol (PVA) fibers have been investigated [1, 2]. SHCC have the potential for enhancing
the seismic performance of RC columns and seismic repair of damaged columns due to their strain-hardening
and multiple fine cracks characteristics. Previous studies based on full-scale and small-scale reinforced
concrete (RC) column models showed that use of FRC such as SHCC could mitigate damage of cover and core
concrete, local buckling of longitudinal bars [3-5]. However, there is still uncertain for failure mechanism;
local buckling and low cycle fatigue failure of longitudinal bars and damage of repaired cover and core
concrete of SHCC repairing area.

Meanwhile, small-scaled models are generally used to investigate dynamic behavior of RC structures and
members experimentally. However, the behavior of a small-scaled model can’t agree well with that of a full-
scaled model due to the scale ratio of a small-scaled model. It is hard to reflect results of small-scaled models
in a design because of the size effect, which the dynamic performance decreases so that the size of a model is
big. For this reason, the use of a small-scaled model which the size effect is minimized as much as possible, is
desirable in an experiment of RC structures.

This study investigates failure mechanism of repaired RC column using SHCC based on unilateral cyclic
loading tests of 0.2-scaled RC column models that have been compared with a full-scaled RC column model
[6] with regarding to strength, ductility and so on in authors’ previous study [7] in order to minimize the size
effect of scaled column models. In addition, damaged parts in the tests were observed with X-ray CT system
and scanning electron microscope (SEM) to clarify the failure mechanism.

This paper begins with a brief overview of the RC column models, SHCC and repair method. From results of
unilateral cyclic loading tests, repair performance and damaged parts are shown. Finally, this paper
summarized failure mechanism based on the observation of damaged parts with X-ray CT system and SEM.

2. RC Column Models and Repair Method
2.1 RC column models

Figure 1 shows the shape and size of RC column models. The height of the column model is 1350 mm and the
radius of circle cross-section is 400 mm. In this study, models were 0.2-scale of the full-scale column [6]. Two
column models are denoted as D10 model and D13 model. In D10 model, deformed 10 mm diameter 16
longitudinal bars were set at every 71 mm interval (Figure 1 (a)). In D13 model, deformed 13 mm diameter 10
longitudinal bars were set at every 114 mm interval (Figure 1 (b)). The longitudinal reinforcement ratio was
1.0 % in each models. Round 3 mm diameter bars were used for ties and set at every 65 mm interval. Based
on the tensile tests of the deformed bars, yield strength of the longitudinal bars of D10, D13 and ties were 351,
320 and 360 N/mm?, respectively. Table 1 shows models list in this study. Damaged models by first cyclic
loading tests [7] were repaired to clarify the failure mechanism at the repaird parts. D10-150 and D13-150
models [8] were repaired by using SHCC and were denoted as D10-150-1R and D13-150-1R models. D10-60
and D13-60 models [9] were repaired by using SHCC and bars to be damaged at the upper repair parts were
denoted as D10-150-2R and D13-60-2R models. After the repair, second cyclic loading tests were performed.
D10-150-2R and D13-60-2R models which were damaged by second cyclic loading tests were repaired and
were denoted as D10-150-3R and D13-60-3R models. After the repair, third cyclic loading tests were
performed. Figure 2 shows damaged models by first cyclic loading tests. D10-150 model was damaged in the
area of 130 mm by 200 mm (Figure 2 (a)). D13-150 model was damaged in the area of 65 mm by 150 mm
(Figure 2 (b)). D10-60 model was damaged in the area of 150 mm by 300 mm (Figure 2 (c)). D13-60 model
was damaged in the area of 200 mm by 250 mm (Figure 2 (d)).
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2.2 Repair method (1R)

Figure 3 and Figure 4 shows the repair area and the chipped area of the 1R models. The cover concrete of the
damaged models chipped from the base to the height of 300 mm. The chipped depth was the thick of cover
concrete including longitudinal bars diameter. In the D10-150-1R model, the depth of the chipping was 28 mm
and one tie was broken. In the D13-150-1R model, the depth of the chipping was 35 mm and three ties were
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Figure 6. Material strength (1R)

broken. The broken ties was repaired by using new same tie. Buckling longitudinal bars were not repaired.
Figure 5 shows the method of the spraying SHCC. The SHCC was sprayed dividing into 3 layers. First layer
was sprayed at the area of longitudinal bars. Second layer was sprayed at the area of cover concrete. Third
layer was sprayed as finishing. The SHCC was a cement mortar with the 2 % volume of polyvinyl alcohol
(PVA) fiber having 40.0 pm diameter and 12 mm length. Water-binder ratio and unit water amount was 40 %,
335 kg/m’. Figure 6 shows SHCC strength based on cylinder tests. Cylinders tests performed at 14 days curing.
The average of compressive strength was 23.1 N/mm?. On the other hand, the average of tensile strength was
4.5 N/mm?.
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2.3 Repair method (2R)

Figure 7 and Figure 8 shows the repair area and the chipped area of the 2R models. In 2R models, additional
bars were inserted and method of the spraying were improved to be damaged at the upper repair part. The
cover concrete of the damaged models chipped from the base to the height of 300 mm. The chipped depth was
around 30 mm from the longitudinal bars back. Inserted additional bars were fixed by welding and epoxy resin.
Figure 9 shows the method of the spraying SHCC. The SHCC was sprayed dividing into 2 layers. First layer
was sprayed from longitudinal bars back to the area of the cover concrete. Second layer was sprayed as
finishing.

2.4 Repair method (3R)

Figure 10 and Figure 11 shows the repair area and the chipped area of the 3R models. In 3R models, additional
bars and ties were inserted at the area of the fracture of longitudinal bars. Method of the spraying was same as
2R models. The cover concrete of the damaged models chipped from the base to the height of 600 mm. The
chipped depth was around 30 mm from the longitudinal bars back. Inserted additional bars were fixed by
welding. Figure 12 shows SHCC strength based on cylinder tests. Cylinders tests performed at 14 days curing.
The average of compressive strength was 36.7 N/mm?”. On the other hand, the average of tensile strength was
3.9 N/mm’.

3. Unilateral Cyclic Loading Tests

Figure 13 shows experiment set-up of models. The 0.2-scaled model was fixed at hooting and two jacks were
used for lateral cyclic loading and axial loading. The upper part of the specimen is a concrete block to attach
two jacks and united the specimen. The axial loading jack was movable to lateral direction due to fixing at the
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Figure 12. Material strength (3R)

linear slider. Figure 14 shows loading sequence. Yield displacement (d,) was the same value in authors’
previous study [7,8]. A loading-controlled testing was conducted until yield displacement. After the yield
displacement, a displacement-controlled testing on the lateral direction with an axial load was conducted.

4. Test Results

Figure 15 shows hysteresis curves of D10-150-1R model and D13-150-1R model. In the D10-150-1R model
(0,=4.44 mm, P,=32.3 kN), horizontal cracks and multiple fine cracks were observed before +3.0 9, (6=13.3
mm). The maximum strength reached 62.5 kN at +3.5 J, (6=15.5 mm). After the maximum strength, the
strength gradually decreased. Break of the tie was observed at 5.5 d, (0=24.4 mm). Break of the longitudinal
bar was observed at -13.0 J, (6=57.7 mm). The cyclic loading test finished at £16.0 J, (6=71.0 mm) because
the strength reached 50% strength of the maximum strength. In the D13-150-1R model (4,=3.89 mm, P,=35.8
kN), the maximum strength reached 64.0 kN at £5.5 8y (6=21.4 mm). After the maximum strength, the strength
gradually decreased. Break of the tie was observed at +10.0 dy (6=38.9 mm). The cyclic loading test finished
at £18.0 dy (6=70.2 mm) because the strength reached 50 % strength of the maximum strength. 1R models
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Figure 13. Test set up
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Figure 16. Damaged models by second cyclic loading tests

were a flexure failure mode. Figure 16 shows the damaged 1R models by second cyclic loading tests. Flexure
lateral cracks were observed as multiple fine cracks at the face of repair material. The spalling of repair material
was not observed in D10-150-1R model. On the other hands, the spalling of repair materials of the D13-150-
1R model was the larger area than that of D10-150-1R model and propageted to the circumferential direction.
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Figure 18. Hysteresis lopes in the 1.0 J,, 2.0 6, and 3.0 o,

Figure 17 shows envelope curves of the before and after repair models. Although the initial stiffness of after
repair models was smaller than that of before repair models, the maximum strength of the after repair models
recovered to 90 % degree of the maximum strength of the before repair models. The discrepancy of the initial
stiffness was due to the difference of the pull-out displaccement. The maximum strength of the D10-150-1R
model gradually decreased after the maximum strength due to the buckling of longitudinal bars by first cyclic
loading tests. Figure 18 shows hysteresis lopes of before and after repair models in the £1.0 J,, £2.0 J, and
+3.0 J,. The stiffness of before repair models gradually dropped from +1.0 J, to 3.0 J,. On the other hands,
the stiffness of after repair models did not drop as before repair models. It is considered that the discrepancy
of the stiffness drop was due to the difference of the pull-out displaccement. The pull-out displaccement of
after repair models were larger than that of the before repair models. Therefore, it is said that the deformation
of after repair models were smaller than that of before repair models.

Figure 19 shows envelope curves of all models. The initial stiffness and maximum strength of 2R models were
recovered due to the improvement of spraying and inserting longitudinal bars. The ductility of the 2R models
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were small because flexure failure could be occured at the upper repair part. Figure 20 shows damaged models
by second cyclic loading tests. Flexure failure could be occured at the upper repair part and the damage of the
repair part was slight. The initial stiffness, maximum strength and ductility of 3R models were the almost same
as 2R models. After the maximum strength of D13-60-3R model, the strength were sudden dropped due to the
buckling of longitudinal bars at the S side of D13-60-3R model. Figure 21 shows damaged models by third
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cyclic loading tests. The damage of the area inserted additional bars was slight. The damaged area of 3R models
was same as that 2R models.

5. Observations of Damgage Parts

5.1 Observation of repair part with X-ray CT system

10
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The repaire part was observed with X-ray CT system to clarify the failure mechanism. This X-ray CT system
is non-destructive testing machine that makes the cross section images by irradiating X-ray in a subject. Figure
22 shows results of observation of the repair part of the D10-150-1R model. Observation point in repair part
was at the N side of D10-150-1R model. Observation direction was a height direction from the hooting surface.
Figure 22 (b) shows results of observation of the cross section at 100 mm in height from the hooting surface.
The upper part of the cross section is the outermost edge of the column and the lower part of the cross section
is the core concrete side. Cracks propagated from steel bar and these cracks did not propagate to the outermost
edge of the column and propagated to the circumferential direction. In addition, the cracks that propagated
from the steel bar next to each other were united. It is said that the damage that was different from the crack
distribution of the outside of the cover concrete was observed in the inside of the column. The propagated path
of the cracks, which propagated to the circumferential direction, agree well with the position of layers in
spraying SHCC because the spraying SHCC was divided in each layer. Furthermore, this crack propagation is
caused by spalling in the repair part and decreased the cross section of the column. Therefore, it is concluded
that the decreasing of the cross section of the column due to the crack propagation leads to the strength drop
after the maximum moment strength of the D10-150-1R model.

Figure 23 shows results of observation of the repair part of the D10-150-3R model. Observation point in repair
part was the area from 300 mm to 450 mm in height at the N side of D10-150-3R model. The spalling of the
repair material started from longitudinal bars and occurred in a range among vertical crack along longitudinal
bars and flexure lateral cracks which were formed in multiple fine cracks. In the left side of the observation
area, cracks at the boundary of the spraying and from the longitudinal bar were observed. In the upper side of
the observation area, the crack propagation from the longitudinal steel bar was observed. In the right side of
the observation area, the crack at the boundary of the spraying was observed. Results of observation of spalling
flakes showed that the cracks from longitudinal bars propagated to the circumferential direction.

5.2 Observation of the fracture surface of the longitudinal bar with SEM

As a study by Takiguti et al. [10], it is considered that the fracture of the longitudinal steel bar is caused by a
fatigue failure for low cycle after the maximum strength. In this study, the fracture surface of the longitudinal
bar were observed with the scanning electron microscope (SEM) in order to clarify the fracture process. Figure
24 shows the results of observation of the fracture surface of the longitudinal bar of outermost edge in the N
side of the D10-150-1R model. The upper side of fracture surface showed the core concrete side and the lower
side showed the cover concrete side. In the core concrete side, the rough fracture surface and the dull luster
were observed. On the other hands, in the cover concrete side, the flat fracture surface and the metallic luster
were observed. In addition, in the middle area of the fracture surface, the torn fracture surface were observed.
It is assumed that the longitudinal bar was fractured by propagating of cracks under the cyclic loading. The
fracture surface of core concrete side was the area where tension and compression was loaded under the cyclic
loading. Therefore, it is said that the fatigue crack was propagated in the core concrete side. The cross-section
of the longitudinal bar was decreased due to the fatigue crack propagation. The tensile crack was propagated
in the cover concrete side. The crack propagation were showed by observing with SEM. Dimples, which can
be observed in the ductile fracture surface [11, 12, 13], were observed. It is said that the fracture process of the
longitudinal bar was clarified because the direction of dimples shows the direction of the crack propagation.

6. Conclusions

This study investigated failure mechanism of repaired RC column using SHCC based on unilateral cyclic
loading tests of 0.2-scaled RC column models. The conclusions of this study described as follows.

1. The maximum strength of the repaired model could recover to 90 % degree. Horizontal flexure cracks
were observed as multiple fine cracks to the maximum strength and the SHCC of cover concrete area
mitigated the spalling and local buckling of longitudinal bars.

11
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2. As a result of observation of the repaired part, cracks occurred from longitudinal bars propagated to the
circumferential direction at the boundary of spraying cement mortar layers. In addition, the fracture process
of longitudinal bars was clarified by observing dimples on fracture surface.

3. Therefore, the decreasing of the cross section of the column due to the crack propagation leads to sudden
strength drop after the maximum strength. The improvement of the ductility may be shown by mitigating
the crack propagation after maximum strength.
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