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The paper includes results from an experimental investigation held to understand the effect of the 

construction damages on the performance of reinforced concrete (RC) columns. It includes 6 specimens 

of square section (150x150x500 mm) of 24.37 MPa nominal concrete strength with 4 longitudinal steel 

bars of 8 mm (500 MPa nominal strength) with confinement ratio ωc=0.15. The casting procedure took 

place without all the necessary provisions defined by International Standards in order to create the 

construction damages. These damages are quantified and their effect on the load capacity of the concrete 

cores (sustained column) is calibrated trough a novel and simplified prediction model extracted by an 

experimental and analytical (F.E.A.) that included 6 specimens. It is concluded that: a) even with 

suitable repair, load reducrtion up to 22% is the outcome of the initial construction damage presence, b) 

the lower dispersion is noted for the section damage index proposed, c) extended damage alters the 

failure mode to brittle accompanied with longitudinal bars buckling, d) the proposed model presents 

more than satisfying results to the load capacity prediction of repaired columns. 

 

Keywords:  RC columns, construction damages, repair; fiber reinforced thixotropic mortar, finite element 

analysis, capacity prediction model 

 

INTRODUCTION 

 

Damages in structures are caused by various phenomena such as:  

 Construction imperfections (Achillopoulou and Karabinis 2013; Achillopoulou et al. 2012). 

 Seismic loads (Ludovico et al. 2013; Henkhaus et al. 2013) 

 Exposure to environmental effects: temperature, ice and froze effects (Ge  et al. 2009; Jin et al. 

2013) 

 Corrosion (Kupwade-Patil and Allouche 2013; Sideris and Savva 2005) 

 Fire (Mostafaei et al. 2009; Raut and Kodur 2011) 

 Time- change of use (Fardis 2009).   

Repair techniques and suitable materials have been developed for the rehabilitation of the load and 
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deformation capacity of RC columns.   

International guidelines (EN1998-3 2005; ACI-318R-08 2008; G.Re.Co. 2012) do not include 

quantifications of the capacity of repaired elements with each method. The initial construction damage 

is not extensively examined in all studies. In order to investigate the rehabilitation of concrete columns 

with this kind of damages, thixotropic high strength mortar was used as a repair material due to the easy 

application, the high cohesion level and the lack of the cracking effect due to slight expansion (BASF 

Technical Guides 2012; Foti and Vacca 2013). This kind of mortars is produced for application in 

structural rehabilitation fulfilling the requirements of the R4 category of EN1504-3 standard and the 

EN1504-6 for steel anchors.  

The current study adds useful information to previous experimental investigation through analytical 

study: finite element simulation and numerical analysis of the influence of construction damages to the 

bearing capacity of RC columns.  

 

EXPERIMENTAL INVESTIGATION 

Specimens’ Characteristics 

 Six specimens were built to simulate reinforced concrete columns in scale 1:2 of rectangular section 

150x150 mm2 and height 500mm. Concrete of approximately 24MPa nominal strength, 500MPa 

nominal yield stress of steel for longitudinal reinforcement and 220MPa for stirrups were used. 

Specimens were symmetrically reinforced with two bars of 8mm diameter at each face. Transverse 

reinforcement consisted of 5.5 mm diameter spaced at 50 mm (Figure 1). All steel bars were adequately 

anchored. During casting consolidation of concrete was incomplete in order to create initial construction 

damages in 5 columns (Figure 2). Casting was not performed according to the provisions set by EN 206-

1 (2000) and ACI 309R-06 (2006) as in real construction sites where it is common to ignore the standards 

set. According to international standards of concrete consolidation through internal vibration for 

application of plastic concrete in thin members and confined areas the use of a 20-40mm (3/4-1 in) head 

diameter vibrator is suggested. In this way, the radius of action is 80-150mm (3-6 in). What is more, the 

rate of concrete placement is assumed to be within 100-500 cm in the current study, a 20 mm (3/4 in) 

head diameter vibrator was used and concrete was being placed in higher frequency than predicted. 

What is more, large aggregate size was used (dagr=32 mm). One specimen was constructed without 

damages and considered as reference model. Damaged specimens were repaired using high strength 

thixotropic pseudo plastic concrete and were subjected to axial compression repeatedly with cycles of 

1‰ axial strain up to 10‰. This pre-loading procedure created overloading cracks as found in real 

structure member. The axial deformation was measured from the relative displacements between two 

loading platens with the use of Displacement Transducers (D.T.). The axial load is applied in a 

compression machine with a capacity of 3000KN maximum load.  

 

Quantification of Construction Damages 

The construction damages were quantified by the indexes proposed by 

Achillopoulou&Karabinis (2013) was applied. The penetration of damage in the section and its 

expansion along the height of specimens was measured (Figure 3). The percentages of those damages 

to the designed dimensions are extracted through three different indexes (Table 1): 

I) ds : Section index is the damage ratio of the section (Equation 1) 

II)  II) dh : Axial index which quantifies the expansion axially (Equation 2) and, 

III) III) dv : Volumetric index (Equation 3) 

which combines the above-mentioned indexes resulting to the volumetric ratio of damage. 

ds = f1 / ftot    ( 1) 

      

dh = h1 / htot   ( 2) 

     

dv = 1 – [(1-ds) ∙ (1-dh)]   ( 3) 
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Figure 1. Cores’ reinforcement details 

 

Figure 2. Construction Damages_DmRc-6 

 
Figure 3. Schematic damage indexes parameters definition 

 

Table 1. Damage indexes of specimens (cores) 

Specimen ωwc ds (%) dh (%) dv (%) 

Rc-1 0.15 - - - 

DmRc-1 0.15 25 20 40 

DmRc-3 0.15 13 24 34 

DmRc-4 0.15 25 28 46 

DmRc-5 0.15 37 26 54 

DmRc-6 0.15 31 22 46 

        ωwc: mechanical percentage of stirrups 

 

RESULTS 

Experimental Results 

The stress strain curve and the dissipation of energy of the repaired specimens are presented. 

It is evident that in high levels of damaged section (DmRc-5) the peak stress is more reduced (22%). It 

should be noted that when the impairment of the section exceeds 17% (ds>25) (DmRc-5) the failure 

happens after 5‰ axial strain with abrupt reduction due to early buckling of the longitudinal 

reinforcement and deboning of repair material (Figure 5). The dissipation of energy, both up to peak and 

totally of the repeated loading, is lower than the non-damaged one. Speaking of the same levels of 

section impairment, specimens with stirrups of minimum levels of modern design code (DmRc-1, 

DmRc-4) dissipate slightly higher ratio of energy, but 25% and 8% respectively higher energy on the 
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whole. The tendency of highly damaged specimens (ds index) to present resistance in lower stress than 

designed is illustrated graphically in order to examine the dispersion. It’s sure enough that the declination 

is in tolerable limits since the dispersion factor (R2) for this level of ductility, is quite satisfactory (0.63), 

but also the second degree polynomial dispersion factor is in excellent levels (0.89). 

 

Finite Element Silmulation and Results 

The numerical analysis was performed using a finite element program (Ansys Workbench 

Tutorials 2013). Isotropic finite element, hexahedral with 20 nodes, was used to simulate concrete, 

considering bilinear failure criteria by defining the stress strain curves for each material. It should be 

noted that the analysis lacks the capability of modeling a descending branch in the stress-strain curves 

for concrete. Interface finite elements, triangular surface with 6 or 8 nodes were used to simulate the 

interface, considering a delamination and a failure model. To solve the set of nonlinear- iterative 

Newton-Raphson method was used.  

Taking into account the symmetry of the specimens, only the one quarter was modeled. Even 

though in the experimental procedure construction damages were not fully symmetric, in the analysis 

procedure the damages were modeled symmetrically. The rehabilitation procedure included removal of 

concrete of the entire damaged region. In this way, a symmetric damage was repaired. A triangular face 

mesher was selected for the interface. 

The analysis results are shown in Table 2. The upper section (h=500mm) presents the higher 

stresses at the corner of the stirrups. The expansion of concrete leads stresses to gather around the 

reinforcement bars. At specimen Rc-1 the concentration of stress near the confined longitudinal bar is 

38% higher than the stress presented at the geometrical center (Figure 4), proving that the confinement 

mechanisms are activated and stresses are concentrated at the higher strength obstacle (longitudinal 

reinforcement bar). Respectively, at specimens DmRc-1, DmRc-3, DmRc-4 stresses are 65%, 74%, 41% 

higher. At specimens DmRc-5 and DmRc-6, stresses are spectacularly higher around the longitudinal 

bar (around 235% higher) (Figure 4), stating that when damage exceeds 25% of section area, analysis 

considers that the active section during loading is the residual healthy one. Gradually, load is expanded 

at the lower part of the simulated column. As shown in Figures 12 and 13, at each specimen, stirrups are 

strained the most. All section presents small deviation of stress, meaning that after the damaged region 

load is fully distributed to the whole element section. All damaged specimens present a larger expansion 

at the middle section depict the longitudinal reinforcement bar’s buckling (Figure 6). All specimens 

present the maximum deflection of longitudinal bar at the middle section (h=250mm). All damaged 

specimens present higher levels of buckling than the healthy specimen (Rc). The undamaged column 

presented 4.08 10-2 mm steel transverse deformation consisting reinforcement buckling. Specimens 

with lower percentage of damaged section (DmRc-1: ds=25, DmRc-3 ds=13, DmRc-4: ds=25), presented 

up to 86% higher lateral reinforcement deformation, while the rest (DmRc-5: ds=31, DmRc-6:ds=37) 

presented up to 93% higher buckling, all in the region around the middle section (h=250mm). This 

differentiation is due to the smaller stress relief happening in highly damaged sections. Even with 

suitable repair the monolithic state is not achieved, in this way the behaviour differs comparing with the 

one of the full healthy section. The analysis confirms the way of the debonding of the repair material 

(Figure 7). As observed experimentally, at all specimens the additional repair thixotropic material 

gradually is debonded at every step of loading. The interface –contact- state at the end of the analysis is 

referred as over constrained, far, near, sliding, and sticking. This particular escalation is relevant to the 

final position of the interface of the different parts of the element simulated. When the initial boundaries 

of the interface are exceeded then the options of sliding and sticking are appeared. All other options 

describe the state before. Specime`ns DmRc-1, DmRc-3 and DmRc-4 present expansion of core concrete 

at the damaged area causing normal stress at the interface of the repair material. In this way, interface 

state can reach up to sticking state, meaning excess of initial interface position. Specimens with higher 

damaged area (DmRc-5, DmRc-6), present lower expansion of concrete and in this way the original 

contact state is not affected (Figure 7). The stress contours of the first section after the damaged area are 

also presented showing the gradual diffusion of load. The highest level of stress on this section is 

presented at specimen DmRc-1 with low level of damage impairment and expansion confirming that the 

section acts and transfers higher loads than in highly damaged specimens. 
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Proposed model 

A novel proposed model of prediction of load and yield strain capacity of elements with initial 

construction damages. Due to the repaired gaps created during casting the load capacity of specimens is 

reduced. The yield strain, though, is augmented. The capacity of elements as a function of the 

confinement ratio and the section damage incex (ds) is given by Equation 4: 

 
𝒇𝒄𝒅𝒎

𝒇𝒄𝒐
= 𝒂 + 𝒃 (

𝒇𝒄𝒄

𝒅𝒔
)

𝟑
𝟒⁄
,  dh≤0.40 & dv ≤0.55  (4) 

 

where:  α,b: correlation/ calibration coefficients 

fcdm: stress capacity of repaired specimen with construction damages 

fco: unconfined compressive strength 

fcc: confined compressive strength 

 

 

  
Figure 4. Normal stress contours of upper (h=500mm), middle (h=250mm) and lower (h=0) section of simulated 

specimens Rc, DmRc-1, DmRc-3, DmRc-4, DmRc-5, DmRc-6 

 

 

 

 
Figure 5. Buckling of longitudinal 

reinforcement bars contour of simulated 

columns: Rc, DmRc-1, DmRc-3, DmRc-4, 

DmRc-5, DmRc-6 

 

Figure 6. Buckling of longitudinal bar of 

DmRc-5_ωc=0.15 after failure 
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Figure 7. First section after damage area normal stress contour and interface state for specimens DmRc-1, 

DmRc-3, DmRc-4, DmRc-5, DmRc-6 

 

 

The above equation is suitable only for ductile elements, that is ffor construction damages 

axially up to 200mm (dh≤0.40) and volumetrically up to 55% (dv≤0.55). For the current confinement 

ratio the equation is transformed to Equation 5: 

 

 

→  
𝒇𝒄𝒅𝒎

𝒇𝒄𝒐
= 𝟎. 𝟗𝟏 − 𝟏. 𝟎𝟑 ∙ (

𝒇𝒄𝒄

𝒅𝒔
)

𝟑

𝟒
𝝎𝒄𝒄 = 𝟎. 𝟏𝟓 →  

𝒇𝒄𝒅𝒎

𝒇𝒄𝒐
= (𝟏. 𝟎𝟏 − (

𝒇𝒄𝒄

𝒅𝒔
)

𝟑

𝟒
) ∙ 𝟏. 𝟏𝟑 − 𝟎. 𝟏𝟏 →  

𝒇𝒄𝒅𝒎

𝒇𝒄𝒐
= 𝟏. 𝟎𝟑 − 𝟏. 𝟏𝟑 ∙ (

𝒇𝒄𝒄

𝒅𝒔
)

𝟑/𝟒

  (5) 

 

 The analytical and experimental results come in remarkable agreement presenting low 

dispression (R2=0.80, Figure 12). As a result, the proposed model can be used for the prediction of the  

stress capacity of columns with section impairement.  

For the augmented axial yield strain of damages elements a similar analytical model is 

proposed (Equation 6): 

 

 
𝜺𝒄𝒚𝒅𝒎

𝜺𝒄𝒐
= 𝒄 + 𝒅 [𝟏 +

(
𝟎.𝟖𝟓 𝒅𝒗𝜺𝒄𝒄𝒚

𝟏𝟎𝟎𝟎
)

𝟐/𝟑

𝜺𝒄𝟎
] , dh≤40% & dv ≤55%    (6) 

 

Όπου: c,d: callibration factors 

εcy
dm: axial yield strain of repaired concrete 

εcy: axial yield strain of unconfined concrete 

εccy: axial yield strain of confined concrete 

 

 For the current confinement ratio the proposed yield strain of damaged elements is given by 

Equation 7: 

𝝎𝒄𝒄 = 𝟎. 𝟏𝟓 →   
𝜺𝒄𝒚𝒅𝒎

𝜺𝒄𝒐
= 𝟎. 𝟓𝟎 + 𝟏. 𝟒𝟕 [𝟏 +

(
𝟎.𝟖𝟓 𝒅𝒗𝜺𝒄𝒄𝒚

𝟏𝟎𝟎𝟎
)

𝟐/𝟑

𝜺𝒄𝟎
]    (7) 

  

Again, the comparison of analytical and experimental results present satisfactory levels of 

dispression (R2=0.51, Figure 13).  

DISCUSSION 

The repaired construction damages seem to affect similarly modeled specimens (Figure 8). 

Again the curves follow the percentage of impairment of the section leading proportionally to lower 

loads. The numerical models result in higher levels of strength and initial chord stiffness than the 

experiments. The inclination of the curve up to peak stress is defined as initial chord stiffens. It is 

remarkable, that excluding the luck of the descending branch of the simulation, the behavior is similar 

to the experimental. Table 2 presents the values of both experiments and F.E. analysis. What is more, 

the variance percentages of experimental to analysis results are calculated either it’s about augmentation 



D. Achillopoulou and A. Karabinis 

7 

 

either is about decrease of values. As peak stress is defined the stress corresponding to the change of 

bent of the curves and peak strain the corresponding strain and finally, the ultimate strength as mentioned 

before, the corresponding stress to 10‰ axial strain. For small ratio of damage (Rc-1 ds=0, DmRc-1 

ds=13), the initial tangential stiffness is overestimated in the F.E. analysis together with the maximum 

bearing load presented. The F.E. analysis due to the tangential matrix, calculated from the element 

stresses and the loads corresponding to the internal forces can be larger. In the experimental procedure 

the defects of construction can cause the variables in terms of load. What is more, the real exposure 

conditions of specimens cannot be simulated. The first branch for 13% construction damage (ds=13, 

DmRc-3) presents 27% higher initial chord stiffness, 4% lower peak strength than the experimental one 

and 25% higher ultimate strength (Figure 8). Though, strain corresponding to the peak load is 

remarkably lower (38%). For the same damage percentage of the original section (ds=25, DmRc-1, 

DmRc-4), the F.E. analysis results in 14-15% higher initial chord stiffness.  

 

  

  

Figure 8. Comparison of axial stress- strain curves of 

experimental and analytical results for specimens Rc, 

DmRc-1, DmRc-3, DmRc-4 

 

Figure 9. Comparison of axial stress- strain curves of 

experimental and analytical results for specimens 

DmRc-5, DmRc-6 

 

  

 

  
Figure 10. Comparison of experimental and analytical 

results association of maximum normalized resistance 

load (v) with the level of the (construction) damaged 

section ds (%) 

 

Figure 11. Total dissipated energy of columns with 

ductility requirements: comparing experimental 

research with FEA. 

 

 The corresponding strain is again lower (15-40%). For the same damage in the section but 

lower total damage (dv) the ultimate strength is 10% higher than the experimental one (DmRc-1). The 

corresponding strain though is 40% lower.  
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Figure 12. Evaluation of the analytical model 

concerning the prediction of stress capacity of repaired 

RC columns 

Figure 13. Evaluation of the proposed model 

concerning the yield axial strain of repaired RC 

columns 

 

 

Specimen with higher volumetric damage (DmRc-4) presented lower augmentation of peak 

load (1%) but lower reduction of corresponding strain (15%). When the damage index ds exceeds the 

limit of 25% (Figure 9, DmRc-5, DmRc-6: ds=37-31 respectively), the F.E. analysis is hardly lower in 

terms of peak stress, up to 6-9% lower than the experimental, but up to 30% higher in the ultimate state. 

Again, peak strain is up to 75% lower than the experimental, but up to 25% higher in the ultimate state. 

The difference is remarkable and in terms of dissipated energy both up to peak load and totally. 

Numerical analysis presents from 11 up to 50% lower dissipated energy up to peak load. Totally, the 

dissipated energy is up to 33% higher than the experimental procedure.  The main differences of all 

are: 

 The capability of redistribution of stress in the F.E. analysis which results in higher stiffness and 

strain. 

 The symmetric simulation of the construction damages which underestimates the damaged 

region since the possible gaps inside the specimen are not modeled.  

 The absence of descending branch in the stress-strain bilinear simulation of concrete and the 

luck of the buckling phenomena of longitudinal steel bars. In fact, the buckling effect stops the 

iteration method and the status of the interface of polymer fiber reinforced, thixotropic repair 

mortar and other elements appears to be asymmetric. Though, all other results are totally 

symmetric.   

Both experimental and analytical results prove the tendency of the repaired columns to bear lower loads 

(Figure 10). Despite the differences of F.E. and experiments, the association of the maximum normalized 

load is in the same levels and the dispersion is quite satisfactory. In all cases load predicted is lower than 

1% different than the measured one. Despite this tendency which is pictured in the dissipated comparison 

diagram (Figure 11), the totally absorbed energy in medium levels of damaged section (ds up to 25%), 

the finite element analysis results are almost coincidental with the experimental results, but on the 

contrary, in higher damaged section (ds>30%) there is a reduction of about 40%. 
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Table 2. Results of Experimental and Finite Element (FE) Analysis 

 

CONCLUSIONS 

Based on the results of the experimental and analytical investigation, the following conclusions 

are drawn: 

1. Initial damages affect the final behavior of the repaired specimen achieving lower values of load. 

2. Damage index ds seem to reflect better the reduction of maximum resistance load.  

3. The absence of the descending branch in the simulation does not predict the buckling of the 

longitudinal bars. 

4. The ultimate strength together with the total dissipated energy is overestimated again due to the 

bilinear modeling of concrete curve. 

5. Research is necessary in order to improve the prediction of maximum load through the damage 

indexes. 

6. The Finite Element analysis simulation needs improvement through more precise plasticity 

models. 
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