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ABSTRACT 

The seismic assessment of reinforced concrete (RC) structures before and after retrofitting is a challenging 

task, mainly because existing numerical tools cannot accurately model the evolution of concrete damage. This 

article proposes an innovative numerical method suitable to model and assess the ultimate carrying capacity of 

RC structures. The modelling approach proposes a steel constitutive material model with a damage factor that 

accounts for accumulated damage within the surrounding concrete domain, which effectively captures bar 

slippage. The proposed method is validated with experimental results from full-scale cyclic tests on deficient 

bare and CFRP-retrofitted RC joints tested previously by the authors. The results indicate that the proposed 

simulation method captures the extreme nonlinearities observed in the tested RC joints, with acceptable 

accuracy and computational robustness. The results of this study are expected to contribute towards the 

development of more reliable numerical tools and design guidelines for efficient seismic assessment of RC 
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structures before and after earthquakes. 

Keywords: Beam-column RC joints; Finite Element Modelling; FRP strengthening; Bar Slippage; 

Cyclic Nonlinear Analysis. 

1.   Introduction 

Many seismically active countries have large numbers of reinforced concrete (RC) structures that 

were designed either using old design codes or without accounting for seismic loads. Post-earthquake 

missions have revealed that critical elements of such structures (e.g. columns and beam-column joints) 

had insufficient shear reinforcement and inadequate bar anchorage lengths, which led to structural 

collapses and consequently to huge human and economical losses [1]. To minimise damage and 

human/economical losses during earthquakes, engineers utilise assessment and retrofitting techniques 

that, nowadays, are incorporated into modern seismic codes. 

Over the last decades, engineers have also developed practical numerical and computational tools 

to seismically assess existing RC structures. However, such assessments before and after retrofitting 

are challenging, mainly because a) the progression of concrete damage and b) the effect of the 

retrofitting intervention are difficult to capture by existing models and simulation software. To address 

these drawbacks, the authors have recently proposed a new Hybrid Modelling (HYMOD) approach 

that provides numerically objective, accurate, and computationally robust solutions to the assessment 

of the ultimate carrying capacity of retrofitted structures [2]. The approach proved effective in 

modelling the seismic behaviour of a 4-storey RC building [3] subjected to pseudo-dynamic tests in 

bare and retrofitted conditions for which experimental data were available. The RC building was 

retrofitted with RC infill walls and Carbon Fibre Reinforced Polymer (CFRP) jackets at its base. 8-

noded hexahedral elements were used to discretize the shear-dominated concrete domain, whereas the 

reinforcement was modelled with embedded beam elements. Furthermore, beams and columns that 

are expected to be bending dominated, were discretized with beam-column finite elements. The 

numerical results presented in [3] captured accurately the experimentally-derived base shear. 

However, pinching effects were not well captured because concrete material deterioration and 
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potential bar slippage at the building base were not incorporated into the adopted constitutive material 

models of steel and concrete. 

Previous studies have proposed several models that attempt to capture extreme nonlinear RC 

structural behaviour under cyclic conditions. Lykidis and Spiliopoulos [4] proposed a 3D detailed 

modelling approach that uses 20-noded hexahedral elements to treat cracking with the smeared crack 

method and discretised reinforcement with embedded rod elements. The model in [4] included an 

additional degree of freedom (dof) per embedded bar to account for slippage. Although Lykidis and 

Spiliopoulos’ model captured accurately the experimental results of a corner beam-column RC joint 

that exhibited slippage and concrete damage, the model did not capture pinching when used to simulate 

the behaviour of internal RC joints. This can be attributed to the inability of the concrete and steel 

material models to capture accumulated damage due to crack opening and closing during cyclic 

loading, and to numerically predict the effect of bar slippage on the overall behaviour of the joints. 

Previous studies have also proposed a number of numerical modelling approaches to simulate the 

behaviour of retrofitted RC bridges and framed structures [5-9] under monotonic loading.  In addition 

to that, extensive research work on modeling of strengthened RC beams was presented in [10-14], 

while more recent publications on this field were discussed in [14-18]. Nonlinear finite element 

investigations were also performed on prestressed beams [19-20] and composite beam [21] under 

monotonic loading conditions. Furthermore, significant work has been done on RC joints [22-28] 

retrofitted with FRP laminates, where numerical models were utilized to investigate the mechanical 

behaviour of beam-column connections.  

In addition to the above, research work on numerical modeling of retrofitted RC columns was 

performed in [29-31] in an attempt to develop models that would capture the nonlinear mechanical 

behaviour of retrofitted vertical structural members. Masonry structures were also considered [32-33], 

while retrofitted RC ties were investigated in [34]. Nevertheless, none of these studies proposed 

models that can capture the cyclic behaviour of retrofitted structural members. On the other hand, 

Cortés-Puentes and Palermo [35] investigated the cyclic behavior of RC shear walls strengthened with 

different CFRP configurations. The numerical analyses were carried out using the 2D finite element 
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software VecTor2. Whilst the numerical results predicted well the experimental load-deformation 

loops, the modelling approach is only applicable to 2D problems. 

Mourlas et al. 2019 [36] extended the work in [37, 38] to carry out 3D nonlinear cyclic analysis 

and proposed the use of two material damage factors in order to take into account the effect of opening 

and closing of cracks within a concrete hexahedral finite element that captures cracking using the 

smeared crack approach. The results in [36] confirmed that the proposed integration of the concrete 

and steel material models with the respective damage factors predicted very well the static and 

dynamic nonlinear behaviour of concrete structures with pinching. The modelling method proposed 

in [36] captured the cyclic behaviour of RC structures with pinching without the need of introducing 

additional dofs that would have made computations more intensive.  

In this work, the material model of steel, as presented in [36], was integrated with a new reduction 

factor, which is defined by the accumulated damage of crack opening/closing, in order to reduce the 

stiffness of the steel reinforcement in the cracked concrete regions within which slippage is expected 

to occur. This article investigates the ability of the proposed material model to capture the overall 

mechanical response of severely damaged concrete joints characterized by intense pinching 

phenomena. The proposed modelling method is validated with results of bare and retrofitted RC joints 

tested previously by the authors. Section 3 presents a brief description of the experimental programme 

reported in [39]. Both phases are modelled and analysed in Section 4. Conclusions and future work 

are given in Section 5. 

2.   Material Modelling 

This section introduces the concrete and steel material models, as well as the new damage factors. The 

proposed material model is based on the triaxial behaviour of concrete taking into account the effect 

of opening and closing of cracks, in order to capture strength and stiffness degradation, and pinching 

effects.  

2.1   Concrete Material Modelling and Damage Factor 

The constitutive modelling of concrete is an extension of the Kotsovos and Pavlovic [40] model as 
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it is described in [37]. The constitutive relations take the following form:  

 
(1) 

 
(2) 

where Ks and Gs are the secant forms of bulk and shear moduli, respectively. The secant forms of bulk, 

shear modulus and σid are expressed as functions of the current state of stress, which were derived by 

regression analysis of experimental data [40]. Based on the regression analysis, the following secant 

forms of bulk and shear moduli derived: 
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In addition to the above, the formulae that describe the relationship between the secant bulk and 

shear moduli with the initial bulk (Ke) and shear (Ge) moduli are given in Eqs. 4 and 5. 
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where,  

8 4.4612.0 1.81 10 cb f−= +    (6) 

2.12 0.0183                                                               for 31.7c cd f f MPa= +    (7a) 

2.70                                                                                  for 31.7cd f MPa=   (7b) 

and where A is given by: 

A=3ac Ke  
f
c
b-1 (8) 

By performing a regression analysis on the experimental data [40], the following formulae for 

0 0( ) 0( ) 0( ) / (3 )h d id sK    = + = +

0 0( ) 0 / (2 )d sG  = =
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parameter A, where obtained: 

0.516                                                                                for 31.7cA f MPa=   (9) 

( )
2.389

0.516
                                                 for 31.7

1 0.0027 31.7
c

c

A f MPa
f

= 
+ −

 (10) 

Furthermore, the calculation of the stress σid is performed through an expression that is also derived 

from a regression analysis through the use of the experimental data presented in [40]: 
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20.222 0.01086 0.000122c cl f f= +  −   (14) 

2.414                                                                              for 31.7cm f MPa= −   (15) 

3.532 0.0352                                                           for 31.7c cm f f MPa= − +    (16) 

1.0                                                                                      for 31.7cn f MPa=   (17) 

0.3124 0.0217                                                            for 31.7c cn f f MPa= +    (18) 

The model adopts a smeared crack approach (see Fig. 1) by simulating a geometrical discontinuity 

with the assumption of displacement continuity. The crack opening strategy during each load 

increment foresees the use of the unified total crack approach (UTCA) proposed by Lykidis and 

Spiliopoulos [4], which assumes that the state of crack formation or closure is treated in a unified way 

within every Newton-Raphson internal iteration. When a crack opens, the material properties normal 

to the crack plane are set to zero. The concrete material assumes that it loses all of its carrying capacity 

along the vertical direction of the crack, where it behaves in a brittle manner. The expression of the 

strength envelope of concrete is provided in Eq. 19 and it is based on the Willam and Warnke [41] 
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formulae: 
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(19) 

where the rotational variable θ defines the deviatoric stress orientation on the octahedral plane; τ0e 

(θ=0°) and τ0c (θ=60°) correspond to the state of σ1=σ2>σ3 (triaxial extension) and σ1>σ2=σ3 (triaxial 

compression), respectively, and are expressed analytically. These expressions are obtained by triaxial 

experimental tests as described in [40]. 

 

Figure 1: Local axes for the case of two cracks at a specific Gauss point [36]. 

The material model uses a flexible crack closing criterion, introduced in Mourlas et al. [36]. This 

numerical criterion was critical in achieving a faster convergence ratio during the cyclic load analysis. 

Accordingly, the closure of cracks is expressed as: 

1cr

i cr
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n
b

n
 

 −
 −  
 

 
(20) 

where εi is the current strain in the i-direction that is normal to the crack plane; εcr is the strain that 

causes cracking formation; b is the number of the imposed displacement branch of the load history; 

ncr is the number of increments that the crack is formed at and ntot is the total number of increments 

that an imposed displacement branch is divided into.  

When the criterion of crack-closure is satisfied at a Gauss Point (GP) that had only one prior crack 

formation, part of the stiffness is lost along the previous crack plane (material deterioration) assumed 

to form in an orthogonal direction to the maximum principle tensile stress. Therefore, the constitutive 

matrix takes the following form:  
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where β is a shear retention factor; and an and as are constants with values of 0.25 and 0.125, 

respectively, based on the parametric investigation presented in [36].  

The proposed expressions of the constitutive matrix describe the anisotropic behaviour of concrete at 

the local coordinate system. Therefore, it has to be transformed into the global system using the 

standard coordinate system transformation laws: 

 (22) 

where T is the transformation matrix consisting the direction cosines that define the relative orientation 

of the local to global axis; Dc is a damage factor proposed in [36] that describes the accumulated energy 

loss due to the number of times a crack has opened and closed. Dc is calculated as follows [36]:  

 

(23) 

where fcc is the number of times where a crack has closed and is updated in every iteration at every 

GP. Fig. 2 shows the variation of Dc (Eq. 23) as a function of the parameter a and fcc. 

 

Figure 2: Schematic representation of the damage factor Dc (Eq. 23) as a function of the parameter a and fcc [36]. 

During nonlinear analysis, the constitutive matrix is calculated from Eq. 21 when a crack is closed 
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at a GP that previously had one or two cracks. After crack closure, the stresses are corrected through 

the use of the following expression: 

1i i i

g

−= + σ σ C Δε  (24) 

Finally, once all cracks have closed (at a previously cracked GP) and the reduction factor a (in Eq. 

23) of one of the previous cracks is larger than 0.5, the constitutive matrix takes the following form: 

(1 )g c g΄ D= − C C  (25) 

As an additional step and in an attempt to introduce a stabilizing factor during cyclic modelling of 

extremely cracked concrete regions that were studied in this research work and presented in Section 

4, the modification of the constitutive matrix of a fully crushed GP is proposed to take the following 

form: 
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(26) 

where βc = 0.025, a parameter similar to the shear retention factor β and Dc is the damage factor from 

Eq. 23. The GP is assumed to have lost its resistance, after it crushed [36], but due to the newly 

developed constitutive matrix of Eq. 26, it is now assumed that it has the ability to develop a resistance 

that is decreasing as the compressive cracks are increasing. Therefore, the cracks of a crushed GP 

cannot close, but do maintain a low stiffness, which was found to introduce numerical stability when 

excessive cracking occurs. This remaining stiffness resistance is necessary when dealing with 

modelling RC structures that are subjected to high axial compressive loading or joints that develop 

excessive diagonal cracks or intense concrete spalling.  

2.2   Steel Material Modelling and Modified Damage Factor 

The level of damage that occurs due to the opening of cracks also affects the bond between steel 

reinforcement and the surrounding concrete. Consequently, this damage mechanism directly affects 



 

10 
 

the force transfer between the steel reinforcement to the surrounding concrete domain, especially in 

the anchorage areas. Therefore, a modification of the steel stress-strain relationship by Menegotto-

Pinto [42] is proposed here to account for the degree of concrete damage surrounding the bar elements 

during the nonlinear cyclic analysis. The loss of bond between bars and surrounding cracked concrete 

is accounted for indirectly by reducing the stiffness contribution of the bars [36], which in turn is 

expected to contribute to the pinching effects. Thus, the use of a bond-slip model that would require 

defining new material parameters and an additional dof at each bar, is avoided.  

Based on the proposed formulation presented in [36], the average of all reduction parameters a, 

expressed by Eq. 23, at the 8 GPs of any concrete hexahedral element, can be used to determine the 

level of damage Ds of the concrete material using Eq. 27. 

 1s ElementD a= −  (27) 

1

crn

i

Element

cr

a

a
n

=


,  
(28) 

 

where ncr is the number of cracked GPs. 

During unloading, when the structure reaches its initial deformation, the material deterioration of 

the bars can be calculated as: 

 (29) 

The material deterioration is applied when the criterion σs ∙ εs < 0 is satisfied, which describes the 

situations when crack closing and re-opening occurs, where the pinching phenomena are higher. In 

addition to the proposed modification in [36] and in order to capture pinching effects at the material 

level, the implementation of a reduced parameter R of the Menegotto-Pinto [42] model is proposed 

here:  

' (1 )s s sE D E= −
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 (30) 

The values R0, a1 and a2 are determined by extensive numerical tests performed in [36] and are 

assumed to be 20, 18.5 and 0.15, respectively. By using the same concept described above and as 

presented in [36], the reduction factor DR is proposed herein in order to decrease the parameter R into 

R΄ which is calculated as: 

, where  (31) 

 

Figure 3: Modified Menegotto-Pinto steel model with parameters E΄ (Eq. 13) for different values of the damage factor 

DS. 
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Figure 4: Modified Menegotto-Pinto steel model with parameter R΄ (Eq. 15) due to the opening and closure of cracks for 

different values of the damage factor DR. 

Fig. 3 shows the modified σ-ε curves of the Menegotto-Pinto material model with different steel 

damage factor DS levels as proposed in [36], while Fig. 4 shows the modification of the σ-ε curves of 

the Menegotto-Pinto material model with the new steel damage factor DR proposed in this study for 

different damage levels of concrete. Fig. 4 shows that the damage factor DR modifies the stress-strain 

curves of the steel model in a similar manner to the DS damage factor for concrete. However, in the 

case of DR, the hysteretic loops of the material model tend to inflict a higher energy decrease as the 

accumulated damage in the surrounding concrete increases. This modified Menegotto-Pinto steel 

material model was found through preliminary parametric studies to be capable of capturing 

nonlinearities manifested by bar slip and significant energy losses within regions of excessively 

cracked concrete found around steel bars. 

The modified σ-ε curves of the Menegotto-Pinto material model with both steel damage factors (DS 

and DR) are shown in Fig. 5 for different levels of concrete damage. 

 

 

Figure 5: Modified Menegotto-Pinto steel model with parameters E΄ (Eq.13) and R΄ (Eq. 15) for different values of the 

damage factor DR and DS. 
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Figure 6: Material model of the CFRP jacketing [43]. 

The modified Menegotto-Pinto material model of Fig. 5 accounts for bar slip and other nonlinear 

phenomena that occur within the excessively cracked concrete regions. This is expected to capture 

different damage levels based on the cracks that occur at each GP within the concrete hexahedral 

elements. Indeed, the new damage factor DR affects the hysteretic loops so that the higher the damage 

is within the concrete domain, the more the steel mechanical response is affected through a decrease 

in energy absorption, thus leading to smaller hysteretic loops. This also affects the corresponding 

internal force transferred from the bar to the concrete domain, simulating in this way the mechanism 

that occurs when slip initiates within a heavily cracked concrete region due to the loss of bond.  

The stress-strain relationship of the CFRP jacketing is linear until failure occurs in both tension and 

compression (Fig. 6). As it can be seen, loss of capacity was assumed to occur when the ultimate stress 

at any GP of the CFRP hexahedral elements was reached. According to the reported material properties 

[36], the ultimate CFRP tensile strength was 4,140 MPa and the elastic modulus for both tension and 

compression was 241 GPa. It was also assumed that the CFRP 8-noded hexahedral elements used to 

discretize the jacketing were fully bonded to the concrete finite elements. 

3.   Experimental Data 

The proposed modelling approach presented in section 2 is validated using experimental results 
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from three full-scale cyclic tests on deficient bare and CFRP-retrofitted RC joints tested previously by 

the authors [39]. The specimens simulated a 2D exterior joint between contra-flexure points of a floor 

in a multi-storey moment-resisting frame, but excluding the slabs (see Figure 7a). Figure 7b shows the 

cross sections and longitudinal reinforcement of column and beam. The longitudinal column bars were 

lapped for a length of 400 mm just above the joint core to represent typical deficient construction 

practices. Two types of anchorage detailing (types A and B) were examined, as shown in Figure 7c. 

The short straight anchorages of the beam are insufficient to develop the full capacity of the 16 mm 

bars. The column-to-beam flexural strength ratio (∑𝑀𝑅𝑐𝑜𝑙/∑𝑀𝑅𝑏𝑒𝑎𝑚 ) was approximately 1.0, and 

therefore the strong column-weak beam strength hierarchy was not satisfied. Accordingly, the 

specimens were expected to fail at the joint core where no confining stirrups were provided. The 

column and beam were reinforced with 8 mm stirrups spaced at 150 mm centres to prevent a shear 

failure outside the joint core.  

 

Figure 7: General geometry and reinforcement details of tested joints (units: mm) [39]. 
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Table 1 shows the ID code of the specimens, as well as the concrete strength (fcm), tensile concrete 

strength (fctm) and test condition [39]. The first letter of the ID stands for “Joint”, and the second for 

the type of detailing (A or B). Joints JA2 and JB2 were initially tested in bare conditions to produce 

severe damage to the core, according to the test setup shown in Figure 8, where the column is shown 

laying horizontally. The cyclic load was applied to the beam in displacement control using a servo-

hydraulic actuator. Three push-pull cycles were applied at drift ratios δ (δ = beam tip 

displacement/beam length) ranging from ±0.25% and up to ±5.0%. After the initial tests on joint JB2, 

the damaged concrete in the core was completely removed and replaced with new highly flowable 

concrete. Following the core replacement, the joint was retrofitted with externally bonded CFRP 

sheets, and the specimen was renamed JB2RF. The main goal of the CFRP retrofitting intervention 

was to i) prevent premature failure of the core zone, and ii) enhance the flexural capacity of the column. 

The failure of specimen JB2RF was dominated by the rupture of the CFRP sheets at drift ratios δ = 

±5.0%. Figure 9 shows the final failure of specimens JB2 and JB2RF, where Fig. 10 shows the 

retrofitted specimen setup. The specimens were heavily instrumented with Linear Variable 

Differential Transformers (LVDTs) and linear potentiometers to measure displacement at the locations 

shown in Figure 8. Likewise, the strains in the reinforcement and CFRP strains were monitored by 

using foil-type strain gauges. Full details of the testing programme, instrumentation, retrofitting 

strategy and experimental results can be found in [39]. 

 

Table 1 Characteristics of beam-column joints. 

ID 

fcm 

(MPa) 

fctm 

(MPa) 

Test conditions 

JA2 32.0 2.44 Original bare joint, detailing A 

JB2 31.3 2.41 Original bare joint, detailing B 

JB2RF 55.3 3.67 

JB2 retested with new recast 

core and CFRP retrofit 

*Note: All values refer to the unconfined strength of concrete in compression and tension. 
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Figure 8: Test setup (units: mm) and instrumentation of RC joints, adapted from [39]. 

                                                                                       

Figure 9: View of final failure mode of (a) bare joints (JB2), and (b) retrofitted joint JB2RF [39]. 

 

Figure 10: Test setup (units: mm) and instrumentation of retrofitted RC joints, adapted from [39]. 

(a) (b) 
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4.  Numerical Modeling, Results and Discussion 

A numerical investigation was performed using the finite element models described in this section. 

A displacement control algorithm was implemented for all nonlinear analyses with the energy 

convergence criterion as expressed in Eq. 32. The energy convergence tolerance was set equal to  

10-5, which is in line with the numerical implementations presented in [2, 36-38, 44]. 

j t t t t

s s s

err 1 t t t

s s s

u F R
e tolerance

u F R

 







+ +

+

−
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−
 

(32) 

4.1   Finite Element Mesh 

Two finite element (FE) meshes were developed for specimens JA2, JB2 and JB2RF to investigate 

the numerical response of the proposed modelling approach. To study the mechanical behaviour of 

JA2 and JB2, the concrete domain was discretized with 8-noded hexahedral isoparametric finite 

elements and the steel reinforcement was discretized with Natural Beam-Column Flexibility-Based 

elements [37]. A total of 174 concrete and 500 steel elements were used to discretize the RC joint. 18 

hexahedral 8-noded isoparametric steel finite elements (red colour) were used at the areas of the 

boundary conditions in order to prevent local failure (see Fig. 11). For the retrofitted RC joint (JB2RF), 

156 additional hexahedral elements were used to discretize the CFRP jacketing that was assumed as 

fully bonded to the concrete elements (Fig. 12). The FE mesh and material details for the RC joints 

are given in Tables 2 and 3, respectively.  

It must be noted that specimen JB2 was initially tested until failure, and subsequently rehabilitated 

with high strength concrete (HSC) and retrofitted with CFRP sheets. The normal strength and HSC 

domains were discretized and modelled accordingly based on the experiments performed in [36]. Fig. 

11 shows the concrete elements used in the modelling: 1) red colour represents the steel hexahedral 

elements, 2) grey coloured elements correspond to standard concrete, and 3) the white elements 

represent the HSC domain. All concrete hexahedral elements of JA2 and JB2 (bare RC specimens) 

were assigned normal concrete material properties, while the concrete hexahedral elements found in 

the core of JB2RF (shown in white colour) were assigned HSC material properties based on the data 
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provided in Table 3. Before moving to the next section, where the numerical investigation’s results 

will be presented, it is noteworthy to say at this point that the proposed modeling approach was 

implemented through the research software Reconan FEA [45]. 

 

Figure 11: Bare RC joints JA2 and JB2. (Left) Hexahedral and (Right) embedded rebar finite elements. 

 

Figure 12: Retrofitted RC joint JB2RF. Concrete and CFRP hexahedral finite element meshes. 

Table 2 FE mesh details of the RC Joint models. 

a/a Model 

Total 

Number of 

Nodes 

Hexahedral 

Elements 

Embedded 

Rebar 

Elements 

1 JA2/JB2 396 192 500 

2 JB2RF 620 348 500 
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Table 3 Material details used in the FE model. 

Material 

Young 

Modulus 

(GPa) 

Hardening 

Modulus 

(GPa) 

Yielding Stress / 

Tensile Strength* 

(MPa) 

Compressive 

Strength 

(MPa) 

Shear 

remaining 

strength β 

Poisson 

Ratio 

Ultimate 

Strain  

ε 

Concrete 20 - 2.41* 31.3 0.03 0.2 - 

High Strength 

Concrete 

30 - 3.91* 55.3 0.05 0.2 - 

Steel Rebars 190 1 551 (Ø16) / 612 (Ø8) - - 0.3 15% 

CFRP 241 - 4,140* - - 0.3 1.7% 

4.2 Numerical Results for Bare Joints 

The first set of imposed cyclic loading applied cycles with up to 3% deformation for the case of the 

JA2 model. Fig. 13 compares the numerical results and the experimental data and shows that the 

proposed modelling approach reproduces well the test results of the bare RC joint. The extreme 

pinching observed in the test was also successfully numerically reproduced, indicating that the 

proposed material damage factors for steel and concrete can capture both material deterioration and 

bar slippage.  

The main differences between the experimental and numerical curves can be attributed to the 

displacement history that was imposed in a static manner in the cyclic nonlinear analysis, while the 

experimentally imposed horizontal displacements were not kept constant (due to creep) at each set of 

cycles, as shown in the experimental curve given in Fig. 13. Therefore, the numerical analysis 

produced curves with constant horizontal displacements at each set of three cycles. However, the 

strength deterioration of the numerical model can be clearly observed.  

In Table 4, the comparisons between the numerical and experimental peak values for each cycle 

are presented. It can be seen, that between the first 13 Cycles, the numerical approach managed to 

capture the experimental peak load with an average divergence from the experimental data of 10%, 

thereafter the damage due to the excessive deformation increased significantly, where the divergence 

of the numerical results increased as well. However, after the 13 cycles, the experimental results show 

a significant decrease in strength of the RC joint. On the contrary, the numerical model presents the 
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same strength in the last cycles because of the absence of strain softening behaviour of concrete. The 

strain softening will cause a significant increase in the numerical cost and convergence issues under 

these extreme conditions. Therefore, the damage of concrete does not increase significantly, and the 

behaviour of the structure is mostly affected by the plastic behaviour of steel reinforcement. 

A similar numerical response is noted in Table 5, where the comparison between the numerical and 

experimental results in terms of dissipated energy is shown. The differences depicted at the beginning 

of the experiment between the numerical and experimental data are higher, a phenomenon attributed 

to the inability of accounting the initial condition of the RC specimen, while the numerical model does 

not take into account any initial damage nor cracking found within the specimen prior to the initiation 

of the experiment. As the cyclic loading progresses, the dissipated energy is reproduced in a more 

accurate manner, where the last loading cycle is captured with an 11% error.  

  

 

Figure 13: JA2 Joint. Comparison between the numerical and experimental load vs drift curves. Maximum 

horizontal deformation 50 mm. 

Table 4 JA2. Comparison between numerical and experimental results in terms of the peak load developed in each cycle. 

JA2 Peak Load (kN) 
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Experimental Numerical Divergence 

(+) 

Divergence 

(-) (+) (-) (+) (-) 

Cycle 1 26.91 -28.23 30.51 -31.49 13.37 11.56 

Cycle 2 26.82 -24.42 29.58 -29.46 10.30 20.61 

Cycle 3 26.50 -24.94 25.21 -29.29 4.88 17.45 

Cycle 4 40.60 -38.78 44.97 -43.47 10.78 12.09 

Cycle 5 39.87 -37.86 38.93 -40.45 2.35 6.82 

Cycle 6 39.96 -39.12 34.86 -39.09 12.77 0.08 

Cycle 7 49.87 -45.43 48.13 -47.14 3.48 3.75 

Cycle 8 46.25 -43.44 44.88 -42.95 2.97 1.12 

Cycle 9 45.73 -42.59 47.27 -39.90 3.37 6.32 

Cycle 10 56.98 -51.93 54.19 -54.21 4.88 4.40 

Cycle 11 50.81 -48.84 54.74 -50.94 7.73 4.29 

Cycle 12 49.70 -46.08 50.46 -51.88 1.53 12.58 

Cycle 13 55.29 -48.45 67.73 -64.93 22.50 34.00 

Cycle 14 50.67 -41.82 63.62 -65.62 25.55 56.89 

Cycle 15 43.36 -38.90 64.78 -58.44 49.38 50.21 

Cycle 16 49.11 -41.89 59.90 -55.80 21.97 33.21 

Cycle 17 39.25 -31.39 55.45 -51.33 41.27 63.52 

Cycle 18 35.22 -25.22 50.95 -49.09 44.65 94.63 

 

Table 5 JA2. Comparison between numerical and experimental results in terms of the dissipated energy in each cycle. 

JA2 

Dissipating Energy  

(kN mm) 

Divergence 

(exp-num)/exp 

(%) Experimental Numerical 

Cycle 1 32.73 7.95 75.72 
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Cycle 2 15.39 51.26 233.17 

Cycle 3 13.39 6.18 53.88 

Cycle 4 87.39 15.30 82.49 

Cycle 5 48.55 28.18 41.97 

Cycle 6 48.19 17.91 62.84 

Cycle 7 338.02 59.49 82.40 

Cycle 8 158.10 54.84 65.31 

Cycle 9 120.29 51.25 57.39 

Cycle 10 451.09 111.66 75.25 

Cycle 11 265.67 116.86 56.02 

Cycle 12 160.86 118.86 26.11 

Cycle 13 516.61 304.31 41.09 

Cycle 14 461.96 302.00 34.63 

Cycle 15 302.19 481.97 59.50 

Cycle 16 1213.03 764.46 36.98 

Cycle 17 738.82 564.91 23.54 

Cycle 18 557.86 495.60 11.16 
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(a) 

 

(b) 

Figure 14: JA2 Joint. (a) Gauge locations [39] and (b) hexahedral element IDs and locations on the FE 

mesh.  

One of the greatest challenges in computational mechanics is to develop a numerical model that 

captures the overall mechanical behaviour of RC specimens but at the same time to be able to 

reproduce experimental measurements at the material level. The most representative physical measure 

that has its own practical challenges, is the measure of strains at the rebar level. To further compare 

the numerical and experimental results, the experimentally measured bar strains at two different 

locations (gauges B19 and B31) within the joint are examined. Fig. 14a shows the gauges that were 

installed in JA2 on the steel rebars and the corresponding hexahedral elements that were monitored to 

determine strains (Fig. 14b). It must be noted that the assumption of full bond between the bar and 

hexahedral concrete finite elements (FEs) implies that the deformation of the two elements is the same. 

However, the deformation of the steel rebars is expected to be larger than the actual physical 

deformation according to this numerical assumption, mainly because the damage factors will cause 

larger deformations on the steel rebar based on the modified material response.  

Fig. 15 compares the numerically predicted strain history and experimental readings of gauge B19 

(see Fig. 15b; ZZ-strain of FE 361). As expected, the predicted strain is higher, which confirms that 

the damage factors that introduce the material deterioration at the rebar level control this numerical 

phenomenon. Figs 15c and 15d show the ZZ-strain of hexahedral elements 393 and 389, respectively. 

In this case, the numerically computed curves are smaller and closer to the experimental data, given 
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that they are located in areas which are not excessively cracked. Therefore, they represent a mechanical 

behaviour of an RC volume with insignificant slippage. 

 

(a) (b) 

 

(c) (d) 

Figure 15: JA2 Joint. ZZ-strain histories of (a) experimental gauge B19, (b) element 361, (c) element 393 and 

(d) element 389. 

Fig. 16 compares the XX-strain computed at hexahedral elements 35, 170 and 299 and the readings 

from gauge B31. Even though gauge B31 was located within an area that developed excessive 

cracking, the bar did not slip excessively. This observation is also reflected in the computed load-strain 

curves, as shown in Fig. 16. It is important to note that the strains in Fig. 16a highlight the complexity 

of the problem at hand, where the continuum problem of uncracked concrete is transformed into a 

concrete domain with significant discontinuities. Nonetheless, the proposed model that incorporates 

principles of continuum mechanics in combination with the smeared crack approach, manages to 

provide the proposed modelling method with the ability to avoid the use of a discrete modelling 
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method that would have induced significant instabilities and increased computational demand.  

  

(a) (b) 

 

(c) (d) 

Figure 16: JA2 Joint. XX-strain histories of (a) experimental gauge B31, (b) element 170, (c) element 35 and 

(d) element 299. 
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Figure 17: JB2 Joint. Comparison between the numerical and experimental P-δ curves. 

Fig. 17 compares the experimental and numerical results of joint JB2. It is shown that, in general, 

the modelling approach captures well the strength deterioration observed in the experiment. The 

experimental data show a strength drop larger than 50%, also found in the numerical analysis. 

Especially in cases where the imposed horizontal displacements were larger than 50 mm, the reaction 

measured along the horizontal direction was found to decrease significantly. According to the 

experimental data, the maximum computed positive reaction was 58 kN, whilst during the last loading 

cycle it dropped to 21.8 kN (2.66 times smaller). The corresponding maximum numerically predicted 

reaction was 54.2 kN, where the respective final reaction during the last loading cycle was computed 

to be equal to 19.6 kN (2.76 times smaller). Based on these reactions, the numerical model managed 

to capture the maximum reaction with a 6.6% error, the final reaction during the last cycle with a 10% 

error, while the overall drop was predicted with a 3.8% error. It is worth mentioning that the extreme 

nonlinearities, observed in JA2 and JB2, developed during the last loading cycles of the tests were 

well captured by the proposed modelling method.  

The above conclusions can be further supported by Table 6 where the comparison of the peak loads 

that are developed in each cycle for both numerical and experimental results, are compared. The 

average divergence for the positive and negative peak loads is 14.92 and 18.45%, respectively.  

Table 6 JB2. Comparison between numerical and experimental results in terms of the peak load developed in each cycle. 

JB2 

Peak Load (kN) 

Divergence 

(+) 

Divergence 

(-) 

Experimental Numerical 

(+) (-) (+) (-) 

Cycle 1 26.21 -25.65 30.67 -28.57 17.01 11.38 

Cycle 2 24.77 -24.96 28.86 -27.62 16.52 10.64 

Cycle 3 24.40 -23.96 27.04 -25.24 10.83 5.33 

Cycle 4 40.41 -39.59 45.69 -45.69 13.08 15.41 

Cycle 5 37.64 -40.34 45.47 -43.03 20.80 6.66 

Cycle 6 38.84 -38.20 42.53 -41.17 9.50 7.78 
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Cycle 7 49.72 -43.10 50.09 -54.45 0.75 26.32 

Cycle 8 42.21 -33.44 48.78 -45.64 15.58 36.47 

Cycle 9 40.91 -32.45 45.94 -37.07 12.30 14.23 

Cycle 10 49.05 -38.68 54.15 -34.89 10.40 9.79 

Cycle 11 46.94 -35.98 51.05 -28.83 8.76 19.88 

Cycle 12 45.45 -35.82 39.58 -23.34 12.90 34.84 

Cycle 13 57.97 -43.27 45.55 -30.53 21.42 29.46 

Cycle 14 44.44 -37.56 39.52 -36.01 11.07 4.12 

Cycle 15 43.87 -34.66 39.12 -34.76 10.83 0.28 

Cycle 16 49.31 -39.36 44.94 -44.65 8.86 13.44 

Cycle 17 39.86 -32.45 44.73 -36.18 12.21 11.48 

Cycle 18 37.98 -29.46 39.00 -37.89 2.68 28.61 

Cycle 19 45.91 -32.77 40.49 -43.49 11.82 32.73 

Cycle 20 32.03 -24.72 20.50 -28.21 35.99 14.13 

Cycle 21 27.81 -19.55 18.82 -21.19 32.34 8.36 

Cycle 22 33.48 -21.86 21.14 -23.13 36.87 5.79 

Cycle 23 24.24 -16.88 21.79 -23.10 10.10 36.81 

Cycle 24 23.18 -14.21 19.60 -22.58 15.46 58.97 

    Avg 14.92 18.45 

 

Figure 18: JB2 Joint. P-δ curve when not using the proposed steel damage factor in Eq. 31. 

Before presenting the results derived from the next specimen, the numerically obtained hysteretic 

loops are shown in Fig. 18, where the newly proposed damage factor of Eq. 31 is not activated. As it 
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can be seen, the numerically derived curve fails to capture the overall mechanical response of the 

specimen given that the pinching effect is not visible in this case, over-estimating the dissipated energy 

significantly (see Table 7). It is easy to see the significant differences given in Table 7 in terms of 

energy dissipation between the numerical models when activating and deactivating the proposed 

damage factors, where the average difference is found to be equal to 206%. This shows in a 

quantitative manner the ability of the proposed model to capture the pinching effect. Furthermore, the 

analysis that foresees the use of concrete and steel materials without the damage factors fails to at 

loading cycle 23, due to numerical divergence. A similar response was recorded for the rest of the 

models presented in this manuscript, thus for brevity reasons they will not be shown. 

Table 7 JB2. Comparison between numerical with and without damage factors in terms of the dissipated energy in each 

cycle. 

JB2 

 

Dissipating Energy (kN mm) 

Divergence With Damage 

Factors 

Without Damage 

Factors 

Cycle 1 8.45 53.19 530% 

Cycle 2 8.5 49.92 487% 

Cycle 3 7.87 118.70 1408% 

Cycle 4 30.64 157.43 414% 

Cycle 5 35.9 164.81 359% 

Cycle 6 39.08 301.28 671% 

Cycle 7 89.35 258.10 189% 

Cycle 8 121.33 334.03 175% 

Cycle 9 78.63 364.86 364% 

Cycle 10 132.98 440.41 231% 

Cycle 11 243.45 780.19 220% 

Cycle 12 141.17 788.15 458% 

Cycle 13 422.73 1175.78 178% 

Cycle 14 151.44 1363.84 801% 
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Cycle 15 192.8 1787.36 827% 

Cycle 16 470.86 1638.84 248% 

Cycle 17 429.69 1965.89 358% 

Cycle 18 233.53 2337.91 901% 

Cycle 19 1219.39 2332.50 91% 

Cycle 20 905.91 2399.30 165% 

Cycle 21 1020.42 2889.03 183% 

Cycle 22 1615.53 1580.09 2% 

Cycle 23 1442.53 - - 

Cycle 24 1498.79 - - 

Avg 345.44 1058.26 206% 

 

4.3   Analysis Results of the Retrofitted Joint 

As previously described, after the completion of the JB2 test, the severely damaged substructure 

was rehabilitated with HSC and retrofitted with CFRP sheets. After retrofitting the damaged specimen, 

it was renamed into JB2FR and the FE model that was presented in section 4.1 (see Fig. 12) was used 

to simulate its mechanical response. According to [39], the retrofitted joint was once more subjected 

to extreme cyclic loading until complete failure. The main goals of the rehabilitation and retrofitting 

were to double the capacity of the joint, and to achieve a weak-beam strong-column behaviour [39].  

Fig. 19 compares the experimental and numerical P-δ curves of JB2FR. The results show that the 

extreme pinching observed in the experiments were captured well. The maximum experimentally 

measured positive reaction was 122.5 kN, while the corresponding numerical value was 114.1 kN for 

a total of 40 mm horizontal displacement. The negative maximum reaction was 125.3 kN, whereas the 

measured value was 125.8 kN for a negative 40 mm horizontal displacement. These results confirm 

the ability of the proposed modelling method to reproduce experimental results of retrofitted 

substructures that undergo ultimate limit state cyclic loading. This also further validates the ability of 

the developed algorithm presented in [2, 36, 43] to capture the mechanical response of CFRP 



 

30 
 

retrofitted RC structures.   

  

Figure 19: JB2FR Joint. Comparison between the numerical and experimental results. 

Based on the numerically obtained curve in Fig. 19, it is worth mentioning that the numerical model 

had a stiffer behaviour during the initial cycles (less than 25 mm). This numerical phenomenon can be 

attributed to the initial concrete damage produced on JB2, which was not accounted for during the 

numerical analysis of JB2FR. However, this numerical phenomenon was not significant at larger 

displacements. The challenges of representing the exact geometry and the material properties of a 

damaged/retrofitted specimen are significant and the level of uncertainty is relatively high. 

Nonetheless, it is evident that the proposed modelling method can capture the full P-δ curve of the 

joint at a very acceptable level.  

Table 8 shows the comparison between the numerical and the experimental results in terms of the 

peak load presented in each cycle. During the initial cycles, the numerical model seems to overestimate 

the strength of the structural member. After the 5th cycle, the developed damage of the numerical 

model captures the experimental results with accuracy that starts with 25% and reaches values with 

divergence below 5%. This is attributed to the initial state of the numerical model that does not account 

the specimen’s strength deterioration prior to testing. The JB2RF specimen was rehabilitated and 

strengthened, but the column and beam did develop cracks that were not visible to the naked eye, or 

they were found within the concrete domain. Therefore, this initial damaged state was not able to be 
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accounted for and therefore the numerical results derived this divergence at the initial stage of the 

analysis. Conclusively, this extremely complicated problem and the corresponding obtained numerical 

results, further demonstrate the abilities of the proposed modeling method in capturing the overall 

mechanical response of this type of structures under ultimate limit state cyclic loading conditions. 

Table 8 JB2RF. Comparison between numerical and experimental results in terms of the peak load developed in each 

cycle. 

JB2RF 

Peak Load (kN) 

Divergence    

(+) 

Divergence     

(-) 

Experimental Numerical 

(+) (-) (+) (-) 

Cycle 1 23.26 -28.49 34.25 -35.54 47.25 24.74 

Cycle 2 23.37 -24.68 33.47 -35.98 43.21 45.82 

Cycle 3 21.98 -24.07 30.36 -35.63 38.14 48.02 

Cycle 4 42.66 -44.10 53.99 -57.41 26.58 30.19 

Cycle 5 42.24 -42.32 51.90 -54.29 22.87 28.30 

Cycle 6 42.04 -42.83 52.92 -55.61 25.88 29.85 

Cycle 7 67.70 -67.47 80.96 -91.73 19.59 35.96 

Cycle 8 66.59 -66.68 84.15 -89.96 26.36 34.91 

Cycle 9 65.78 -66.34 78.98 -82.72 20.06 24.69 

Cycle 10 104.52 -104.50 122.52 -127.62 17.22 22.12 

Cycle 11 102.91 -101.33 102.82 -109.95 0.09 8.51 

Cycle 12 101.05 -101.04 95.27 -113.35 5.72 12.18 

Cycle 13 119.98 -126.95 114.13 -125.29 4.87 1.31 

Cycle 14 115.04 -118.88 104.21 -87.94 9.41 26.03 

Cycle 15 114.33 -115.26 92.77 -90.05 18.86 21.88 

Cycle 16 99.64 -122.20 93.39 -80.11 6.27 34.44 

Cycle 17 87.33 -102.10 95.33 -86.92 9.16 14.86 

Cycle 18 80.56 -95.15 86.97 -60.76 7.95 36.15 

Cycle 19 83.20 -81.59 96.19 -87.82 15.62 7.63 
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Furthermore, the numerical model managed to capture the drop in-terms of strength with a 9% 

deviation compared to the experimental curve for the negative horizontal displacement, while the 

corresponding final positive reactions were computed with a 15% and a 25% error for the last two 

maximum imposed positive horizontal displacements. This numerical finding is attributed to the initial 

stiffer behaviour of the numerical model that did not account for the cracked areas of the column and 

beam members that were developed during the first cyclic test that caused JB2 to fail. Additionally, 

the full-bond assumption between the CFRP sheets and the concrete surface contributed to this 

numerical phenomenon as well.  

The ability of the proposed model to capture the strains on the CFRP sheets of JB2FR is also studied 

using the test results. Readings from strain gauges located at the core zone indicated that CFRP strains 

were close to zero at the initial stages of loading, however, these increased after diagonal cracks 

developed at the core [39]. Fig. 20 shows that the numerical results match well the experimental data. 

According to [39], the CFRP strain at peak load was 7,300 με, while the corresponding numerically 

predicted value was equal to 6,250 με (see Fig. 20). Finally, the strain for the ultimate horizontal 

displacement reported in [39] was equal to 16,900 με, where the numerical prediction was 9,600 με. 

These results indicate that the strain prediction for the peak load was realistic and with an acceptable 

accuracy of 14%, whereas the ultimate strain at maximum displacement was computed with a variation 

of 43%. This is attributed to the fact that the numerical model had a stiffer overall behaviour as 

described above (pre-existing cracks and yielded rebars were not accounted for thus lower strains were 

developed at the confined concrete volume), whereas the analysis finished half a cycle prior to the 

application of the last maximum displacement, where the ultimate strain was measured 

experimentally.  
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Figure 20: JB2FR Joint. Von Mises strain contour at horizontal displacement (a) 7.5 mm and (b) -7.5 mm. 

 

Figure 21: JB2FR Joint. Max principal strain contour at peak load (ε = 6250 με, Pu = 114.13 kN). 

  

(a) (b) 

Figure 22: JB2FR Joint. CFRP strain vs load at the (a) core and (b) column lap splices. Numerical results. 
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Figure 23: Strains recorded in CFRP sheets at (a) core; (b) column lap splices of joint JC2RF [39]. 

In order to further investigate the strain development at the CFRP sheets, Fig. 22 shows the 

maximum principal strain and the applied load. The finite element location on the CFRP sheet that 

was used to develop the graph of Fig. 22, is shown in Fig. 23 and coincides with the location of the 

gauge used on confining sheets 6 at the midpoint of the lap splice length (see Fig. 10). Based on the 

load vs strain curves reported in [39] for specimen JC2RF (see Fig. 23), the numerically predicted 

curves and experimental CFRP strains are found to be in a good agreement. It is important to note that 

all three specimens (JA2, JB2) tested in [39] produced a similar behaviour and a respective maximum 

reaction of approximately 58 to 59 kN. Similarly, JB2RF and JC2RF specimens gave a similar 

mechanical response in terms of hysteretic behaviour, while both specimens resulted in a maximum 

reaction of 120 kN, as reported in [39]. 

4.4 Computational Efficiency 

Table 9 shows the computational demand for different parts of the analysis for the case of the 

JB2RF model. The total number of internal iterations that were performed during the cyclic nonlinear 

analysis was 5,513 and for their solution the developed algorithm required 323.9 seconds. This 

corresponds to a mere 0.059 seconds per internal iteration that characterizes the computational 

efficiency of the proposed modelling method.  

Table 9 JB2FR Joint. Required computational time. 

a/a Description 

Time 

(s) 

1 Solution of 398 displacement increments 323.9 
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(5,513 internal iterations) 

2 Computational Demand per internal iteration 0.059 

3 Writing output file 140.7 

4 Other 0.7 

 Total 465.3 

Fig. 24 shows the graph that correlates the obtained internal iterations per displacement increment 

in an attempt to further illustrate the excessive numerical nonlinearities that this type of problems 

develop during their cyclic analysis. As it can be observed, the number of internal iterations is 

relatively low for horizontally imposed displacements of less than 40 mm, where the average internal 

iteration per displacement increment is equal to 7.7. Whereas, when the drift becomes significant in 

the case of horizontal displacements that are beyond 40 mm, the number of required internal iterations 

per displacement increment are significantly larger. The average internal iterations per displacement 

increment in this case is 27.6, which highlights the extreme nonlinearities that occur within the model 

when the shear deformations are excessive.  

 

Figure 24: JB2FR Joint. Internal iterations vs displacement increment. 

 

5.   Conclusions and Future Work 

A new damage factor that accounts for extreme nonlinearities caused by reinforcement bar slippage 

and excessive concrete cracking is introduced for capturing the mechanical behaviour of bare and 

retrofitted RC specimens that undergo ultimate limit state cyclic loading. Furthermore, a modification 
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of the concrete material constitutive matrix of crushed hexahedral GPs is proposed for inducing 

additional numerical stability in excessively cracked concrete regions that are subjected to cyclic 

loading conditions.  

Based on the numerical findings, the proposed modelling method is found able to capture with 

acceptable accuracy the overall mechanical behaviour of both bare and retrofitted RC substructures 

subjected to extreme cyclic loading. This was achieved without the introduction of additional dofs or 

bond-slip models that would have complicated and slowed down the numerical procedure. In 

particular, the ability to capture the pinching effect and the mechanical response of rebars and CFRP 

sheets is demonstrated through the study of three joint specimens.  

A further extension of this work is to study full-scale deficient RC structures under seismic loading, 

where an initial investigation is presented in [46]. Furthermore, the investigation of the numerical 

response of the developed model when combined with the HYMOD [2, 3] approach will be performed 

in the near future. 
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