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Abstract. A 3D FE micromodel of a bare RC frame was developed. The model is 
based on validated 2D micromodel. The 3D model obtained higher response when 
compared to its 2D counterpart. Consequently, a calibration of the frame was 
initiated. Calibration involved modifying parameters that govern the plastic 
behaviour of the computational model, such as fracture energy, plastic displacement 
and direction of plastic flow. It was shown that the greatest effect in lowering the 
response had the direction of plastic flow. Plastic flow direction was selected as -0.1 
as it has greatest correlation with the experimental data. Negative value denotes 
that material volume will decrease due to crushing. 

1 Introduction 

During earthquakes ground motion, high rise structures such as reinforced concrete 
(RC) frames with masonry infill / panels are excited both in in-plane (IP) and out-of-
plane (OoP) manner. The interaction between the frame and infill can be considered 
complex, which led engineers to design frames and walls separately. Consequently, in 
the last decade, this resulted in numerus studies that divided the problem onto the load 
acting manner: 1. IP; 2. OoP; 3. IP+OoP & OoP+IP loading. The majority of research 
was done in IP field [1], [2], and presently, the OoP field is starting to grow.  

This paper is a part of OoP studies on masonry infilled RC frames, a common 
building practice in South Europe [3]. A numerical study is to be carried out to asset the 
oncoming experiments. Accordingly, the bare frame model should be calibrated firstly. 
The micromodel is calibrated on experimental IP cyclic, quasi-static results from [4] 
(Figure 1). Once calibrated, bare frame model can be considered calibrated in OoP 
direction as well. Furthermore, the bare frame model will be used for IP calibration of 
infilled frames given by [4]. 

Frame was designed as medium ductility class (DCM) as designated by EN 1998-1-
1 [5] and EN 1992-1-1 [6] provisions. Furthermore, frame was scaled to the ratio of 
1:2.5. 
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The 3D micromodel presented here is based on 2D micro model developed  by [7]. 
However, during the analysis the 3D model obtained stronger response than its 2D 
counterpart (Figure 2). From Figure 2 it is evident that behaviour is approximately the 
same for both models up until reaching yielding point. Therefore, this paper presents the 
calibration of the 3D bare frame micromodel with variations of numerical material 
model parameters that govern the plastic and cracks behaviour. Both 2D and 3D 
micromodels were created in Atena 2D and 3D finite element (FE) software [8] 
respectively.  

 
Figure 1: Reinforcement design upper; tested infilled frames lower [4] 

 

 
Figure 2: 2D vs. 3D Micromodel approach 
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2 Materials and Methods 

2.1 Numerical Materials 

The material model used for describing concrete’s behaviour is presented in Table 
1. Rebar properties are modelled with bilinear law, and is presented in Table 2 The 
values for both Table 1 & 2 are obtained from [7] and they are based on small scale 
experimental and calculated findings [9]. The nonlinear (NL) spring function represents 
the friction of rollers due to high axial forces to the columns. For more insight about the 
NL spring please refer to [10] paper.  

Table 1:  CC Nonlinear Cementitious 2 numerical model properties 

Description Symbol Frame concrete Unit 

Elastic modulus E 4.100E+04 MPa 

Poisson's ratio µ 0.200 / 

Tensile strength ft 4.000 MPa 

Compressive strength fc -5.800E+01 MPa 

Specific fracture energy (Eq.1) Gf 1.200E-04 MN/m 

Crack spacing smax 0.125 m 

Tensile stiffening cts 0.400 / 

Critical compressive disp. Wd -1.000E-03 / 

Plastic strain at fc εcp -1.417E-03 / 

Reduction of fc due to cracks rc.lim 0.800 / 

Crack shear stiffness factor SF 2.000E+01 / 

Aggregate size  1.600E-02 m 

Fixed crack model coefficient   0.000  / 

 

2.2 Modifications to the Numerical Models 

As stated in introduction, due to differences in the plastic region of 2D & 3D 
approach, the calibration was set to parameters that govern the plastic behaviour of the 
computational model.  

Fracture energy GF determines the materials resistance to crack propagation [11]. 
Fracture energy was not tested experimentally, rather, it calculated based upon concretes 
mechanical properties using Eq. 1 as recommended by [12]. Consequently, different 
approaches of calculating fracture energy GF (Eq. 1-6) were examined. Equations 2 – 6 
are obtained from [13]. Calculated values with differences in respect to Eq. 1 are 
presented in Table 3. The values of calculated GF vary from -30% to 14% (Table 3).  
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Table 2: Bilinear steel reinforcement material 
properties 

Description 
  

Value Unit 

Elastic modulus 
 

E 2.10 E+05 MPa 

Yield strength 
 

σy 5.50 E+02 MPa 

Tensile strength 
 

σt 6.50 E+02 MPa 

Limited ductility of 
steel 

εlim 0.01 
 

/ 
 

 

Figure 3: Nonlinear spring function 

where 
GF0 = 0.03 MPa is fracture energy based on max aggregate size of 16 mm. 
fcmo = 10 MPa  

Table 3: Fracture energy as calculated 

Eq. Value (MN/m) Difference (%) 
1 1.20 E-4 0.00 
2 1.03 E-4 14.43 
3 1.25 E-4 -3.83 
4 1.56 E-4 -30.09 
5 1.51 E-4 -25.78 
6 1.52 E+2 -26.35 

 
The plastic displacement wd that governs the compression softening law (Figure 4) 

was also varied from 0.1 to the value of 0.5 as recommended by [14], [15].  
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Figure 4: Compression softening law 

The last parameter that was varied is the direction of plastic flow β in Drucker-
Prager Plasticity Model. The return mapping algorithm for the plastic model is based on 
predictor-corrector approach as shown in Figure 5 [12]. During the corrector phase of 
the algorithm in Figure 5, the failure surface moves along the horizontal axis to simulate 
hardening and softening of concrete. The variation was set from 0 to -0.5. The negative 
values were set in order to decrease material volume due to crushing [16].  

 

 
Figure 5: Plastic predictor-corrector algorithm 

2.3 Numerical Model 

The numerical micromodel was assembled from 3D macro elements (Figure 7a) 
that represent frame members and 1D truss elements that represent reinforcement bars 
(Figure 7b). The connection between the rebar and concrete is modelled as perfect as are 
the connection between frame elements.  

Boundary conditions are shown in Figure 7c. Ends of the beam have linear elastic 
plates with nonlinear area spring and point forces applied. The NL spring opposes the 
force on the other end of the beam, otherwise it is inactive. Firstly, the foundation 
support and vertical load is active. The vertical load simulates the weight of the building 
on the columns. It is implemented in 5 steps with 73 kN increments. After the vertical 
load is applied fully (365 kN), the column supports in y and z directions are active and 
IP loading protocol (Figure 6) is activated. Loading protocol repeats the same force 
twice (Figure 6). 

22J=ρ
 

3
1I

=ξ  

σij
t 

β > 0 
β = 0 

β < 0 

σ
ij

n-1
 

σ
ij

n
 

w 

σ 

fc 

wd 



 

Figure 

a) Numerical model with 

c) Boundary conditions

-250

-150

-50

50

150

250

1 220 439

V
R

(k
N

)

10 kN 

365 kN 

Steel plates 

6

Figure 6: Loading protocol for the numerical model 

a) Numerical model with FE mesh b) Rebar 

c) Boundary conditions 
Figure 7: Numerical model setup 

439 658 877 1096 1315 1534 1753 1972
Step

10 kN 

365 kN 

Support
 
NL spring
 
Force

y 

x 

z 

 

 

 

1972 2191

Support 

NL spring 

Force 



 7

3 Results 

Crack patterns  both from experimental and numerical studies are shown in Figure 
8. The min. crack with was set to hairline width [17].   

 
 

Min. crack width = 0.1 mm; Crack width multyplier × 1 
 
  

a) Experimental results [4] b) Numerical results 
  

Figure 8: Crack patterns at d ≈ 4 mm 

On Figures 9 - 11 cyclic envelopes are displayed from modified material models. 
On primary vertical axis shear force vales Vd are plotted, and on primary horizontal axis 
IP displacements d measured at beams end. On secondary vertical axis, the difference 
from the maximum shear force Vmax are plotted. Lastly, on secondary horizontal axis 
inter-storey drift ratios dr are plotted. Furthermore, on Figures 2, 9 - 11, the dotted line 
of the experimental curve annotates monotnoic push of the frame with constant force. 

 

 
Figure 9: Fracture energy Gf modification 
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Figure 10: Plastic displacement wd modification 

 
Figure 11: Influence of the direction of plastic flow β 
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4 Discussion and Conclusions 

A 3D FE micromodel of a bare RC frame was developed based on validated 2D 
micromodel for IP loading. Both model had same material properties and geometry. Yet, 
the 3D model obtained stronger response in plastic region when compared to its 2D 
counterpart (Figure 2). Consequently, a calibration of the 3D model was initiated. 
Calibration involved modifying parameters that govern the plastic behaviour such as: 
fracture energy (Figure 9), plastic displacement (Figure 10) and direction of the plastic 
flow (Figure 11).  

From the results analysis, it can be concluded that only the direction of plastic flow 
contributed to lowering of the response. The variations of fracture energy (Figure 9) had 
non detectable difference except in case of Equation 6, where the response is visibly 
stronger when compared with other Equations. Likewise, the variations of plastic 
deformation had only slight effect on modifying the response. Finally, the direction of 
plastic flow had significant effect on lowering the response. The best fitting value was 
observed at β = -0.1. Negative number denotes that material volume will decrease due to 
crushing.  

Furthermore, when comparing cracks between experimental and computational 
model, one can observe that they have similar patterns (Figure 8). Computational model, 
as expected [18] developed plastic hinges at the lower end of the column and beam – 
column joint (Figure 8a), as did the experimental specimen (Figure 8a).  

In summation, with new value of the direction of plastic flow bare frame model can 
be considered calibrated in IP direction as well as in OoP direction. Therefore, the 
computational model can be used in prediction of IP and OoP frame behaviour.  
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