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ABSTRACT: It is of significance to investigate the seismic mechanism of RC members 

in a finer level. A novel numerical finite element method is adopted with the employment 

of the following techniques: 1) XFEM for modelling the crack initiating and propagating 

in concrete; 2) traction-separation law for modelling concrete's post-tension behaviour; 3) 

contact algorithm for modelling crack closure; 4) special connector for modelling the bond-

slip behaviour at concrete/rebar interface to trigger multi-cracking. The XFEM based 

method is well verified by the seismic test results of RC column. A further analysis is 

carried out to study the incompatible deformations between steel and concrete and the 

separated contributions from steel and concrete under different compression ratios.  The 

study sheds some light on the mechanism of axial compression’s impact on the seismic 

performance of RC column in a mesoscale.  

1 INTRODUCTION 

RC column makes one of the most vulnerable structural components in RC frame during earthquake. 

To predict the seismic capacity of RC column, numerous researchers theoretically and experimentally 

studied the behaviours of RC columns under cyclic lateral loading. However, there are still a few limits 

existing in the present theories for the seismicity of RC column. It is of significance to use new 

techniques to study the seismic performance of RC column in a mesoscale. 

As we know, RC structural member is made up with materials with different physical and mechanical 

properties. When a RC structural member is subjected to bending or tension, the excessive deformation 

leads to concrete cracking and steel yielding. When cracks occur, concrete is changed from continuum 

to non-continuum, causing the discontinuous displacements inside concrete and the interaction between 

concrete and steel. Consequently, the response of RC structural member becomes complicated even in 

the simplest case, like the simply supported beam under monotonic loading (CEB-FIP, 1993). 

Particularly, in earthquake scenario, a series of mechanical changes occurred in RC column include the 

deterioration of stiffness, strength and energy dissipation capacity, which are concerned with the 

combined effect of a number of factors, such as 1) crack open and close; 2) concrete crush; 3) steel 

yielding, hardening and buckling and 4) the deterioration of connection between concrete and steel bar.  

Modelling the seismic response of RC column remains a challengeable task to all the researchers in the 

field (ACI.446.3R. 1997). Finite element method (FEM) is one of the effective tools widely used in 

modelling. FEM employs the continuous function as shape function, which is quite efficient in solving 

the continuous deformation of continuum, but disadvantageous in simulating discontinuity like fracture. 

Concrete is well known as a quasi-brittle material for cracking under the low level of tension and 

crushing under the excessive compression. Nevertheless, in most of the previous simulations, concrete 

was simplified to be a continuum material. The crack initiation, propagation and closure were unified 

into a hysteretic constitutive relation and controlled by artificially specified parameters. Literature shows 

this kind of simulation has acceptable accuracy, reasonable computing cost and application possibility 

(Deborst et al 2004). However, because too many simplifications and artificially specified parameters 

are adopted, the modelling results offer limited information for understanding the mechanism of seismic 

response. 

It is expected that a good numerical modelling should not only precisely predict the macroscopic 

behaviour, but also can reveal the mechanism. In the present study, the authors engage new techniques 
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so as to diminish simplifications and artificially specified parameters as far as possible. The employed 

techniques are listed as follows (Yu 2016): 

1) Extended finite element method (XFEM) is engaged to model the crack initiating and propagating. 

XFEM is a numerical method proposed by group of Belytschko (1999) and Moës (1999) at the 

Northwest University in USA. It inherits advantages of common finite element method (CFEM) and 

possesses the ability to solve mechanical problems with discontinuity. The most substantial difference 

between XFEM and CFEM is that the grids used by XFEM have no relationship with geometry or 

physical interface. Thus there is no need to re-mesh the grids when cracks propagate. 

In XFEM, special nodes (phantom node) (Song 2006) are engaged to model crack propagating and also 

determine closure in element. In XFEM, Heaviside function and Asymptotic function are used to enrich 

the nodes on the crack path and nodes near crack tip respectively to account for the displacement 

discontinuity and singularity at the crack tip (Chang 2012). By element enriching near the crack tip and 

along the crack faces with the asymptotic and jump displacement fields through partition of unity, re-

meshing during crack propagation is eliminated. In XFEM, the crack line can locate anywhere within 

the existing FEM mesh. The enriched approximation for the displacement field can be expressed. 

2) The influences of crack opening on seismic behaviour are considered. Using conventional finite 

element method (CFEM) computing, concrete is generally assumed as a continuous material, of which 

the mechanical property is described with macro stress-strain curves formulated by constitutive 

relationship. It should be noted this assumption is rational in linear elastic state, but of serious limitations 

when modelling concrete cracking. Numerous studies showed the macro damage of concrete is 

originated from local fracture, and the nonlinear deformation of concrete structure is in fact the 

combination of concrete’s elastic strain and crack mouth opening displacement (CMOD). Strain is 

somehow an index for describing continuous deformation. It is generally converted from measured 

deformation and gage length and limited by size effect, which is concerned with specimen size and 

measure methods. Strictly speaking, strain is not a suitable index for reflecting material rupture, although 

it is extremely widely used in describing the behaviour of concrete. 

3) Because of interaction between concrete and rebar, RC structural member generally exhibits multi-

cracks under tension and flexure. The connect factors, i.e., the bond-slip interaction at steel/concrete 

interface, are taken into account in analysis.  

4) Contact algorithm is used to simulate the crack closure (Dolbow 2001). Subjected to compression, 

concrete crack mouth will be closed and stress reoccurs between cracking surfaces. This is one of the 

most fundamental characteristics of RC member under cyclic loads and also the main causes of pinching 

effect. With the help of contact algorithm, surface contacting and stress regaining will be determined by 

the distance of crack surfaces, instead of specifying parameters in material property. 

In the present study, we focus on the effect of axial compression applied to RC column. The XFEM 

based method is to be verified by the experimental data in a macroscopic level. Moreover, a further 

analysis is conducted to reveals the impact of axial compression on seismic capacity in a mesoscopic 

level. 

2 THE PROPOSED MODEL IN SIMULATION 

ABAQUS is one of the few commercial FEM applications that introduced XFEM. In the present study, 

ABAQUS 6.11 was engaged to implement the proposed method (ABAQUS 6.11 2011). Columns were 

assumed to be working in a plane stress state. To satisfy the requirement on computing and ensure 

precision, 4-node bilinear plane stress quadrilateral element with reduced integration (CPS4R) is 

engaged, which is eligible for XFEM and can help to eliminate the shear locking effect in calculation. 

And special XFEM regions are specified to concrete with fracture characteristics. Use 2-node linear 2-

D truss element (T2D2) to simulate steel bars and stirrups. Use Cartesian type “CONNECTOR” to 

simulate the bond-slip relation between steel and concrete. The coincident nodes attached to the steel 

and concrete elements are bonded with “CONNECTOR” elements. Figure 2 shows the adopted models 

for “CONNECTOR” elements (ABAQUS 6.11 2011).  
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3 VERIFICATION OF THE PROPOSED MODEL 

3.1 Program of reference test 

A series of tests on the seismic behaviour of RC structures were carried out at Tsinghua University in 

2011, in which 4 RC columns (EA-A, EA-B, EI-A and EI-B) were tested under axial compression and 

lateral cyclic loads. The test result of specimens EZ-A is taken out for verification. The geometry of EZ-

A’s cross section is uniform 200×200mm and the height is 850mm. Reinforcement details are shown in 

Figure 1.  

             
Figure 1. Geometric dimension and reinforcement of EZ-A               Figure 2. Mouth opening of cracked elements 

Finite element models are established according to the relevant information. Figure 2 shows the 

specimen’s meshing pattern near column bottom. As mentioned above, 4-node bilinear plane stress 

element (CPS4R) was engaged for concrete in plane stress state, and 2-node linear 2-D truss element 

(T2D2) for steel rebar.  

The compressive stress applied in numerical model is 0.5 MPa, 3.5 MPa and 8.0 MPa, producing the 

low, moderate and high levels of axial compression to column, respectively. The moderate compression 

stress 3.5MPa is identical to that applied to EZ-A in the actual test. Displacement control loading was 

implemented in both the actual test and the numerical model. 

3.2 Verification in macroscopic level 

The skeleton curves and single hysteretic loops (the maximum lateral loading displacement is about 

0.03m), extracted from the numerical modelling, are plotted in Figure 3. It is indicated that the numerical 

results are in good agreements with the experimental data in the whole process. Just like what is reflected 

by the common experimental observations (Lee 2003 and Mehrabani 2015), the numerical results exhibit 

the pinching effect of RC column under lateral cyclic loading, as compared with the ideal hysteresis 

loop of steel, which is defined with traditional elastic-plastic model considering Kinematic hardening 

law in simulation. 

Extended simulations were conducted to EZ-A under different axial compression and identical latera 

cyclic loading. The hysteresis loops marked with “low axial compression”, “moderate axial 

compression” and “high axial compression” are plotted in Figure 4. In summary, the axial compression 

has significant effect on the strength and ductility of RC column. In other word, the higher compression 

on RC column leads to the stronger flexural strength but the lower ductility under seismic loads. The 

numerical results are coincident with the common observation in seismic experiments on RC columns 

(Lee 2003 and Mehrabani 2015). 

Cracking element
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Y
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a) Skeleton curves of tested and numerical EZ-A.             b) Single loop of tested and numerical EZ-A 

Figure 3. Comparison between numerical result and test data 

 

      

(a) Effects from the low axial compression ratio and moderate axial compression (b) Effects from the high axial 

compression ratio and moderate axial compression 

Figure 4. Hysteresis loops RC column subjected to compression and lateral cyclic loading  

To explore the mechanism of axial compression impact on the seismic capacity of RC column, further 

analyses are conducted on the incompatible deformations of concrete and longitudinal steel rebar. It is 

known that, under combined loads, the debonding occurs at steel/concrete interface and develops into 

localized slips. Theoretically, the different axial compression triggers the different level of deformation 

incompatibility inside RC column under cyclic lateral loads, especially at the critical cross section.  

As mentioned, the coincident nodes belonging to steel and concrete elements are connected by 

“CONNECTOR” elements in the model. Extract the displacement values of the connected nodes in 

every step and the deformations of concrete and steel are then obtained. Figure 5 illustrates the 

deformation of RC column length in axial direction. In fact, it reflects the averaged length variation of 

longitudinal steel rebar on both sides of column. The length of column subjected to the low axial 

compression increases with the lateral load (displacement) in one single load round, and it is 

accumulated as the load round increases. Comparatively, the accumulation of residual elongation 

appears much less in case of moderate compression ratio. In contrast, under high compression, the 

column is consistently contracted in length and becomes unstable at the ultimate state.   

It is noted that the “low compression ratio” column more resembles to the reinforced concrete beam. 

When a RC beam is subjected to bending, cracks will occur at the tensile surface inducing the neutral 

axis moving to the extreme compression fiber side. According to the well-known “plain section 

remaining plain after bending”, the tensile strain of steel is much larger than that in the compressive 

zone. Therefore, under low axial load, once the tensile steel is yielded in tension, the elongated steel 

may probably retain part of its plastic deformation during unloading. And in the following inverted 

loading (another half-cycle), the steel may yield under compression, but the original length might be 

never fully recovered. Instead, it keeps increasing and being accumulated in the subsequent loading 

rounds. Figure 5 reflects the length variation happened in RC columns with different compression ratio 

(Lee 2003 and Mehrabani 2015). 
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Figure 6 shows the axial strain of a non-cracked concrete element located at the lateral side of column. 

Different from the deformations of steel in Figure 5, non-cracked concrete in all 3 cases accumulates 

compressive strain under the combined loads. In general, the higher axial compression ratio leads to the 

bigger unrecoverable contraction. Owing to concrete’s nature, the deformation of cracked concrete is 

mainly composed of open crack mouth and residual compressive strain, while that of the adjacent non-

cracked concrete is from the latter one. Near but not at the critical section of the column, when lateral 

load is applied on, the neutral axis will be inevitably shifting towards the compressive side of cross 

section. As compared with the low compression case, the magnitude of neutral axial movement is less 

in case of moderate compression, which leads to the larger compressive strain in concrete and steel, the 

smaller tensile strain in steel and the smaller crack open mouth. Therefore, the residual elongation of 

steel is decreased and concrete begins to accumulate some kind of unrecoverable compressive 

deformation. Further, In case of high compression ratio, the neutral axis hovers around the central line 

in cross section; the magnitude of compressive strain in steel is similar to the tensile strain at the other 

side of cross section; concrete in compression deforms at a higher rate; and the crack mouths of concrete 

tend to be closed with pressure in most of loading process. Therefore, the unrecoverable compressive 

deformations in both concrete and steel are accumulated at higher rate.  

 

            

Figure 5. The axial deformation of longitudinal steel.          Figure 6. The axial deformation of concrete.  

Figures 7 to 9 illustrate the deformations of steel element and concrete element crossing the cracked 

section (Figure 2). The deformation of steel at the bottom of column is taken as reference, which is 

designated as “steel displacement at anchorage” in Figure 7 to Figure 9. Generally, when compared with 

steel, the cracked concrete experiences the largest deformations in all 3 cases, owing to the localized 

slip at concrete/steel interface. Move-in and move-out displacements (“steel displacement at 

anchorage”) are observed under lateral loading. But it is obviously smaller than that of “steel 

displacement in crack”, showing the elongation effect of steel at cracked cross section. The difference 

between steel and concrete displacement increases with the compression ratio. In other words, the level 

of axial compression determines the magnitude of deformation incompatibility between steel and 

concrete.  

It should be noted that Figure 6 plots the deformation of non-cracked concrete and Figure 7 to Figure 9 

plot that of cracked concrete. The gap in magnitude is the concrete crack open mouths. 
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Figure 7. The deformation incompatibility under low  

axial compression.  

           

Figure 9. The deformation incompatibility under moderate axial compression.  Figure 10 the effect of axial com-

pression ratio on the single loop of RC columns under lateral cyclic loading 

Taking the separated contribution from concrete, we can observe the effect of axial compression. The 

single loops corresponding to 3 levels of axial compression ratios are plotted simultaneously in Figure 

10. The concrete under high compression differs from the others in strength during loading and 

unloading. It is owing to the contribution of highly compressed concrete at peak point. Additionally, the 

high compression postpones the reopening of crack mouths in the unloading process, enabling a much 

smoother compressive stress releasing. This also agrees well with some common observations reported 

in literature (Matamoros 2008). 

4 CONCLUSIONS 

To preliminarily study the effect of axial compression on the seismic capacity of RC columns, a novel 

finite element method is adopted, in which some techniques are engaged for finer modelling, i.e., XFEM, 

the traction-separation law of fracture mechanics, the contact algorithm and the connection at the 

concrete/steel interface. Compared with most of the existing methods, the simulation based on XFEM 

shows the seismic performance of RC columns in a finer scale. As verification, the numerical results, 

including the skeleton curve of loading-displacement, the energy dissipation and the pinching effect 

exhibited in hysteretic loops, agrees well with the actual responses obtained by seismic experiments. 

Moreover, the further analysis on the deformation incompatibility of materials sheds some light on the 

mechanism of axial compression impact on the seismic properties of RC column in mesoscale.  
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