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Abstract

The research work deals with the experimental behavior of undamaged reinforced
concrete (RC) columns and seismically-damaged repaired RC columns under increasing
cyclic lateral loading. Two real-scale elements were initially tested under constant axial
and increasing cyclic lateral loading to simulate a seismic damage. A repair protocol,
designed to restore the initial strength of the elements, was then followed. Based on the
initial damage observed on the specimens, two repair methods were adopted: for
damage concentrated only in the concrete, column base was confined through fabric
reinforced cementitious mortar (FRCM), while, for damage also extended to the
bending steel reinforcement, additional FRCM flexural reinforcement was embedded in
the confinement jacket. Results of undamaged and repaired specimens are presented and
compared in terms of cracking pattern, load-displacement curves, ductility, stiffness
degradation and energy dissipation. During the loading history, fiber strains were
monitored in the repaired columns through electrical strain gages previously installed in
the fabric. The experimental results show that FRCM composites can be effectively
used to restore strength and ductility of RC columns previously damaged by cyclic
lateral loading.

1 INTRODUCTION

Externally bonded reinforcement systems have been widely used in the last decades to
strengthen and repair existing RC and masonry structures. Traditional FRP (fiber rein-
forced polymer) composites and the more recent FRCM or TRM (textile reinforced
mortar) composites have been proved to significantly improve strength and ductility of
retrofitted elements. Among others, confinement is one of the main interventions to en-
hance seismic behavior where the above composites are adopted.

While extensive experimental campaigns, even on real-scale elements, have been
carried out in the last decades to investigate FRP confinement effectiveness as a seismic
retrofitting technique [1-3], literature investigating seismic behavior of real-scale
FRCM confined RC columns is still very limited. FRCM confinement is believed to be
less effective than the FRP one according to some recent studies [4-6]. Some of the au-
thors investigated the effectiveness of FRCM confinement to repair RC columns previ-
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ously damaged due to excessive axial loading [7]. Different cross-sections and internal
steel reinforcement configuration were considered and results showed that FRCM con-
finement was able to enhance significantly the residual strength of the damaged ele-
ments. While, as expected, circular cross-section columns performed better than the
square ones. In [8] Toska and Faleschini investigated the behavior of FRCM confined
concrete under axial cyclic loading. The experimental results showed that the stress-
strain behavior highly depend on the number of layers applied, fiber material and on the
cross-section shape of the specimens. Regarding the seismic behavior of repaired RC
columns it is worth mentioning the experimental campaign carried out by Saadatmanesh
et al. [9] to evaluate the FRP confinement effectiveness to adequately repair RC col-
umns damaged under lateral cyclic loading. More recently, Feng et al. [10] investigated
the seismic behavior of RC columns affected by corrosion and strengthened through
Carbon FRCM confinement. According to the results corroded specimens showed a
significant reduction in terms of secant stiffness, strength, ductility and energy dissipa-
tion capacity with respect to the uncorroded ones and confinement through carbon
FRCM confinement was able to enhance all previously mentioned parameters in retro-
fitted corroded RC columns.

The goal of the presented experimental work is to investigate the effectiveness of
FRCM confinement to repair earthquake damaged RC columns. two real-scale control
specimens were initially tested applying both a constant axial and a fully-reversed in-
creasing cyclic lateral displacement at column top. Control specimens were then re-
paired through FRCM composites using two different strengthening schemes, and tested
under the same loading protocol.

2 EXPERIMENTAL CAMPAIGN

The experimental campaign presented in this paper consists in four lateral cyclic loading
tests. Initially, a significant seismic damage was induced in two real-scale RC columns
by cyclic lateral loading. Subsequently, the damaged specimens were repaired through
FRCM composites and subjected to the same test as the original ones.

2.1 Materials and specimens

Specimens are characterized by a square section with side » = 400 mm and height of
2900 mm and were casted over a foundation block of 1400 x 1800 mm which was de-
signed to remain elastic during the loading history. Two internal steel reinforcement
configurations are adopted. The first specimen (P30) is reinforced with four diameter 30
mm bars placed at the corners of the section and four diameter 12 mm bars placed in the
middle of each side. In the second one (P24) main reinforcement consists of four diame-
ter 24 mm bars while the four bars in the middle of each section side remain the same (d
= 12 mm). Stirrups with 100 mm of spacing and 10 mm of diameter are adopted in both
specimens as shows in Figure 1. Columns were designed following the provisions of
NTC18 [11], EC2 [12] and ECS8 [13] for medium ductility class elements. Reinforce-
ment steel properties are shown in Table 1 in terms of yield strength (f)), ultimate
strength (f;), and respective strains (&, and &;). The values reported in Table 1 are the
mean of experimental tensile tests carried out on three specimens for each diameter con-
sidered. Columns were casted separately and the concrete properties are shown in Table
2 for each column as mean values of three tested samples for each parameter.



Table 1. Steel properties for each reinforcement bar.

Diameter fy [MPa] gy [%] fi [MPa] & [%0]
30 572 0.27 673 19.8
24 537 0.26 648 174
10 526 0.26 623 12.0

Table 2. Concrete mechanical properties.

Specimens f. [MPa] E. [MPa]
P30 45 36700
P24 50 39800
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Figure 1. Column reinforcement a) P24 and b) P30 specimens.

The original columns were tested under the same setup and loading protocol detailed
in Hofer et al. [14]. Load was applied under a displacement control mode and for each
lateral displacement increment, three full cycles were applied at the top of the column.
During the lateral loading history, the vertical load was maintained constant (300 kN for
P30 and 350 kN for P24 specimens) using an actuator placed at the top of the column
and anchored at the column foundation using two steel bars. Steel bars were hinged at
the foundation in order to avoid any P-4 effects during the test. Figure 3b shows a
frame of the specimens during testing.

After the original, undamaged columns were tested, damage inspection was carried
out. Both specimens showed significant visible damage at the column base where large
crack opened and concrete cover was lost. The observed damage was higher in the P24
column where one diameter 12 mm bar failed while the main bars showed some slight
buckling phenomena. UPV (ultrasonic pulse velocity) was used to map the damage in
the tested specimens. The propagation velocity of the ultrasonic waves was measured
using the direct method and then the concrete dynamic elastic moduli (Ez) was comput-
ed following equation 1.

_ vpZp(1+v)(1-2v)
Bl (1-v)

E, (1)



The results of the UPV tests are shown in Figure 2. At the column base, where dam-
age was concentrated and concrete cover was lost, it was not possible to measure the
wave propagation velocity.
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Figure 2. UPV test results for (a) P30; and (b) P24 columns.

2.2 FRCM repair intervention

After testing, damaged specimens were prepared for the repair interventions. First, de-
tached concrete fragments were removed and the columns surfaces were cleaned. Base
section of the columns, where the cover was lost, was restored to the initial geometry
using the same mortar adopted for the FRCM system. Following the Italian guidelines
for the design of fiber reinforced cementitious composites [15] recommendations, the
corners of the square section were rounded (40 mm radius) before the confinement ap-
plication to limit stress concentration and local fiber failure in the corners. Figure 3a
shows specimens P24 during confinement application.

The first meter of the columns base was confined using two carbon fabric layers ap-
plied by alternating mortar (about 4-5 mm thick) and fabric layers. Carbon fabric was
applied continuously with an overlapping length of 400 mm, as recommended by [15].
In the P24 specimens, due to the high damage observed after the first test, additional
bending moment FRCM reinforcement was embedded in the confinement jacket, in or-
der to restore the initial lateral strength of the element. The flexural reinforcement con-
sists of 122 mm? of carbon fibers applied in both sides of the column. Mechanical prop-



erties for mortar, determined on at least three 40 x 40 x 160 mm prismatic specimens
following standard EN 1015-11 [16], are reported in Table 3 in terms of flexural
strength (fy) and compressive strength (f.). Regarding carbon fibers, its experimental
properties were obtained through tensile tests on at least five specimens and are shown
in Table 4.

Table 3: FRCM mortar mechanical properties

Specimen I Std Dev fe Std Dev
1D [MPa] [MPa] [MPa] [MPa]
P24 5.17 0.46 51.20 7.04
P30 6.71 0.62 41.65 7.12

Table 4: FRCM carbon fiber mechanical properties

, tr S & Ey
Type Material [mm] [MPa] (%] [MPal
Experimental Carbon 0.61 1315 0.89 206400

Figure 3: a) FRCM confinement application, b) specimen during lateral cyclic testing.

3 EXPERIMENTAL RESULTS

3.1 Crack pattern

During the test, cracks that gradually formed in the faces of the columns were marked
with the use of plaster. To associate each crack with a specific drift level, different col-
ors were used. The distribution of these cracks in the faces is visible in Figure 19 for the
P30 column. The faces being perpendicular to the direction of application of the load
are here-in called " Front " and " Back ', while the lateral ones' Side A 'and' Side B '. The
distribution of these cracks in the faces is visible in Figure 4 for the P30 column.
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Figure 4: Crack distribution for the P30 specimen confined through FRCM.

The observed cracks were generally more concentrated, for both columns, in the fac-
es orthogonal to the direction of the horizontal load being in this case horizontal. For the
lateral faces crack are less diffused, start to appear later in the loading history and they
mainly develop along the diagonal direction.

Apart from the diffused cracking patter, the confined P30 column maintained its in-
tegrity throughout the loading history without recording significant strength degrada-
tion. On the other hand, on the confined P24 column significant damage was observed
during the last loading cycles which also led to a significant reduction of the load-
bearing capacity, even though the overall reduction was not higher than that observed in
the undamaged specimen. After the test, damage inspection found out that one main bar
per side (diameter 24 mm) had failed and significant damage was also observed on the
FRCM flexural reinforcement with some localized fiber failure on both sides. Figure 5
and 6 show respectively the main bar failure and FRCM bending reinforcement failure
observed in the P24 column.

a)

Figure 5: a) and b) main reinforcement bar failure (P24).



Figure 6:Carbon fiber flexural reinforcement failure (P24).

3.2 Load vs top displacement

Hysteretic responses are shown in Figure 7 a) for P30 columns and b) for P24 ones. In
the first case, very similar behavior between undamaged and repaired specimens both in
terms of peak-load and ductility was observed. Worth mentioning that for P30 columns
no significant damage was observed until 5% drift ratio (only 10% strength reduction)
was reached and due to laboratory limits the columns could not be pushed beyond that
limit. Both undamaged and repaired elements display almost a symmetric behavior dur-
ing the push-pull cycles with the peak load being slightly higher in the pull conditions.
The main difference between the two elements behavior is observed in the first almost
linear branch with the damaged specimen showing an initial stiffness much lower than
that of the undamaged one. This is because in the case of the P30 column the repair in-
tervention concerned only the confinement of the column and no additional flexural re-
inforcement was added. Also, cracks opened from the first test were not sealed by
means of injections neither in the P30 nor in the P24 columns, limiting the intervention
to the restoration of the most damaged section at the base with normal mortar. The low-
er initial stiffness determines also a higher drift value at the yielding point with respect
to the undamaged conditions.
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Figure 7: Comparison of Force (F) vs drift ratio (8) curves between undamaged and repaired el-
ements for P30 (a) and P24 (b)



It is worth recalling that, for the P24 column, due to the high damage observed in the
longitudinal steel reinforcement after the first test on the undamaged element, additional
flexural reinforcement, designed to restore initial strength, was added through the same
FRCM system. Considering the initial severely-damaged conditions, where a 30% load
reduction was recorded in the first test, very promising results were obtained through
the FRCM repair protocol. Peak load was almost equaled in push cycles (106 kN for
P24 FRCM and 107 kN for P24) while for pull cycles peak load of the repaired element
resulted even higher than the one recorded on the undamaged one (120 vs 113 kN).
Similar ductility was observed in both elements even though a higher strength degrada-
tion was observed in the repair element for repeated cycles at the same drift level. Final-
ly, unlike the P30 columns, for the P24 ones similar initial stiffness was observed for
both undamaged and repaired specimens. Since FRCM confinement is ineffective to en-
hance both axial and lateral stiffness of retrofitted elements as the experimental evi-
dence, provided in the previous sections shows, this is mainly due to the additional
flexural reinforcement applied through Carbon-FRCM.

3.3 Energy dissipation

When dealing with seismic actions the ability of the structures to dissipate energy is a
very important factor in the overall seismic behavior. The dissipated energy can be
computed for each cycle as:

Eq; = $F(2)dA 2)

while the cumulative energy dissipated during the loading history is:

% Ed,i = E:L Ed,i (3)

The results for both cycle dissipated energy (E, ;) and cumulative dissipated energy
(X E; ;) are shown in Figure 8 for P30 columns and Figure 9 for P24 ones. The dissipat-
ed energy is very similar for undamaged and for repaired elements both comparing sin-
gle cycle values and the cumulative energy. The cumulative energy results slightly low-
er in the case of repaired specimens but the difference is small enough to be considered
negligible.
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Figure 8: Dissipated energy for each loading cycle (a), and cumulative dissipated energy (b) for
the P30 specimens
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Figure 9: Dissipated energy for each loading cycle (a), and cumulative dissipated energy (b) for
the P24 specimens

3.4 Stiffness degradation

The secant stiffness degradation Kj is defined as the ratio of the lateral load to the corre-
sponding displacement:

A
ETY @)

where K; is the secant modulus at the i-#4 drift level, F; and 4; are the peak load of the
hysteretic loop and corresponding displacement at the i-t4 drift level.

Figure 10 shows the degradation of the secant stiffness for P30 and P24 columns, for
both control (black color) and repaired (red color), at increasing drift values. Continues
line identifies the push loading direction, whereas dashed line the pull one. The P24
columns have a slightly higher elastic stiffness than P30, because it is subject to a high-
er axial loading, and the concrete batch used has a slightly higher elastic modulus. Stiff-
ness degradation curves are almost overlapping for the push and pull cycles for all the
specimens. The two different strengthening schemes for the two specimens have a dif-
ferent influence on the column stiffness. Regarding the first loading cycles, the presence
of flexural reinforcement provided by the anchored carbon bending reinforcement in the
P24 FRCM specimen was able to restore the 86% of the initial stiffness of the undam-
aged column. Instead, the confinement provided by the fibers in the P30_FRCM speci-
men allowed to reach only the 73% of initial stiffness of the original P30 column. For
both P30 FRCM and P24 FRCM specimens, the stiffness at the last loading cycles
starting from & = 2+3%, is very close to that of the control columns.
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Figure 10. Secant stiffness deterioration of control and repaired P30 a) and P24 b) columns.



4 CONCLUSIONS

The effectiveness of FRCM confinement to adequately repair seismically damaged RC
columns was investigated in this experimental activity. Full-scale elements were initial-
ly damaged under cyclic lateral loading then repaired through FRCM confinement and
finally re-tested following the same loading protocol. According to the experimental re-
sults obtained the following conclusions can be drawn:

e FRCM confinement can restore strength and lateral displacement capacity on
seismically damaged RC elements;

e Additional FRCM bending reinforcement can be embedded in the FRCM con-
finement jacket enhancing strength and restoring the initial stiffness of se-
verely damaged columns;

e The repaired RC columns dissipate almost the same energy with respect to the
original undamaged ones;

o Initial secant stiffness of repaired elements results lower compared to the con-
trol specimens. Repair intervention including FRCM bending reinforcement
allows a significant recover of the initial stiffness compared to only confine-
ment.
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