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ABSTRACT: Repair of damaged RC elements have always been a topic of key interest in civil and 

structural engineering. The results of an experimental campaign investigating the behavior of two real-

scale reinforced concrete (RC) columns, initially seismically damaged through lateral cyclic loading then 

repaired through carbon fiber reinforced cementitious matrix (CFRCM) and subjected to the same test, 

are presented in this paper. Based on the damage observed on the control specimens, two repair 

techniques were adopted. For the less damaged specimen, the column base was confined through CFRCM 

jacket while for the more severely damaged element additional FRCM flexural reinforcement was 

embedded in the FRCM confinement jacket applied at the base. Both interventions aimed to restore the 

initial strength and ductility of the undamaged RC specimens. During the loading history, lateral fiber 

strains were monitored continuously in the confinement jacket. The test results are presented in terms of 

cracking pattern, load-displacement curves, ductility, energy dissipation and curvature development and 

show that FRCM composites can be effectively used to restore strength and ductility of RC columns 

previously damaged by cyclic lateral loading.  

1 INTRODUCTION  

The behavior of fabric (or textile) reinforced cementitious composites and their effec-

tiveness to strengthen and repair existing RC structures, is the focus of many studies 

carried out in recent years. Composite materials have been proven particularly suitable 

for seismic retrofitting since they do not significantly affect either the mass or the stiff-

ness of the structural elements. Among others, confinement is one of the main seismic 

retrofitting interventions for axially loaded elements as significant improvements both 

in terms of strength and ductility can be achieved. 

In this paper the results of an experimental campaign aiming to investigate the effec-

tiveness of FRCM confinement to repair seismically-damaged elements under cyclic 

horizontal loading and restore their strength and ductility are presented.  

Similar experimental investigations have been conducted for FRP confinement. It is 

worth mentioning the experimental campaign carried out by Saadatmanesh et al. [1] to 

evaluate the FRP confinement effectiveness to adequately repair RC columns damaged 

under lateral cyclic loading that simulated a seismic damage on the elements. Regarding 

FRCM confinement to repair seismically damaged elements, some of the authors inves-

tigated the effectiveness of FRCM confinement to repair RC columns previously dam-

aged due to excessive axial loading (Toska et al., 2021). The results showed that carbon 
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FRCM confinement was able to enhance significantly the residual strength of the dam-

aged elements. Circular cross-section columns performed better than the square ones. 

Toska and Faleschini (2021) investigated the behavior of FRCM confined concrete un-

der 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. More recently, Feng et al. (2021) investigated the seismic be-

havior of RC columns affected by corrosion and strengthened through Carbon FRCM 

confinement. According to the results corroded specimens showed a significant reduc-

tion in terms of secant stiffness, strength, ductility and energy dissipation capacity with 

respect to the uncorroded ones and confinement through carbon FRCM confinement 

was able to enhance all previously mentioned parameters in retrofitted corroded RC 

columns.  
 

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 b = 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 
NTC (2018), EC2 (2014) and EC8 (2014) for medium ductility class elements. Rein-
forcement steel properties are shown in Table 1 in terms of yield strength (fy), ultimate 
strength (ft), and respective strains (εy and εt). The values reported in Table 1 are the 
mean of experimental tensile tests carried out on three specimens for each diameter con-
sidered.  
 

Table 1. Steel properties for each diameter adopted. 

Diameter fy [MPa] ft [MPa] εy [%] εt [%] 

30 572 673 0.27 19.8 

24 537 648 0.26 17.4 

10 526 623 0.26 12.0 

 

The 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 2. Concrete properties. 

Specimens fc [MPa] fct [MPa] Ec [MPa] 

P30 45.0 4.4 36700 

P24 50.3 5.5 39800 



 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1. Column reinforcement configuration and test setup.  

The original columns were tested under the same setup and loading protocol detailed 

in Hofer et al. (2021). Load was applied under a displacement control mode and for 

each lateral displacement increment, three full cycles were applied at the top of the col-

umn. 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-Δ effects during the test.  

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 (Ed) was comput-

ed following equation 1.   

 

         (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.  



 

a)   b)     

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 (CNR DT-215, 2018) rec-

ommendations, the corners of the square section were rounded (40 mm radius) before 

the confinement application to limit stress concentration and local fiber failure in the 

corners.  

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 CNR 

DT-215 (2018). In the P24 specimens, due to the high damage observed after the first 

test, additional bending moment FRCM reinforcement was embedded in the confine-

ment jacket, in order to restore the initial lateral strength of the element. The flexural re-

inforcement consists of 122 mm2 of carbon fibers applied in both sides of the column. 

Mechanical properties for mortar, determined on at least three 40 x 40 x 160 mm pris-

matic specimens following standard EN 1015–11, are reported in Table 3 in terms of 



 

flexural strength (ff) and compressive strength (fc). Regarding carbon fibers, its experi-

mental properties were obtained through tensile tests on at least five specimens and are 

shown in Table 4. 

Table 3: FRCM mortar mechanical properties 

Specimen 

ID 

ff 

[MPa] 

Std Dev 

[MPa] 

fc 

[MPa] 

Std Dev 

[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 

Type Material 
tf 

[mm] 

ffu 

[MPa] 

εfu 

[%] 

Ef 

[MPa] 

Experimental  Carbon 
0.61 

1315 0.887 206395 

Manufacturer Carbon 4700 1.800 240000 

 

3 EXPERIMENTAL RESULTS  

 
3.1 Failure modes 

The cracks are generally more concentrated, for both columns, in the faces 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 de-

velop 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 3 

shows the main damage observed in the P24 column. 
 

a)  b)  c)  d)  

Figure 3: a) and b) main bar failure, c) and d) carbon fiber flexural reinforcement fail-

ure. 



 

3.2 Load vs top displacement 

Hysteretic responses are shown in Figure 4 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. 

a) b)  

Figure 4: Comparison of Force (F) vs drift ratio (δ) 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: 

                           (2) 

while the cumulative energy dissipated during the loading history is: 

                              (3) 

The results for both cycle dissipated energy ( ) and cumulative dissipated energy 

( ) are shown in Figure 5 for P30 columns and Figure 6 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. 

a)  b)  

Figure 5: Dissipated energy for each loading cycle (a), and cumulative dissipated energy (b) for 

the P30 specimens 

a)  b)  

Figure 6: Dissipated energy for each loading cycle (a), and cumulative dissipated energy (b) for 

the P24 specimens 



 

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: 

• FRCM confinement can restore strength and lateral displacement capacity on 

seismically damaged RC elements; 

• Additional FRCM flexural reinforcement can be embodied in the FRCM con-

finement jacket enhancing strength and restoring the initial stiffness of the 

undamaged element; 

• The repaired RC columns dissipate almost the same energy with respect to the 

original undamaged ones.  
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