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Fig.5 -- Shear force - total displacement of both beam ends (Specimen BJ-3D-0)

Fig.6 -- Shear force of beam ends - shear distortion of joint (Specimen BJ-3D-0)

Fig.4 -- The modeling of specimen BJ-3D-0
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Fig.7 -- Principal compressive stress contours of whole frames and beam-column 
joints at the maximum strength (Specimen BJ-3D-0)

Fig.8 -- Principal compressive stress contours on the joint horizontal section at the 
maximum strength (Specimen BJ-3D-0)
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Fig.10 -- Story shear force-story displacement (Specimen J12)

Fig.11 -- Principal compressive stress in a beam-column joint at the  
maximum strength (Specimen J12)

Fig.9 – Finite element meshes (Specimen J12)
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Fig.12 -- Principal compressive stress in a joint at the maximum strength  
(Specimen J12)

Fig.13 -- Principal compressive stress in a joint at the maximum strength  
(Specimen J12)

Fig.14 -- Principal compressive stress in a slab at the maximum strength  
(Specimen J12)
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Fig.15 -- Distribution of accumulated absorbed strain energy at the maximum strength
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SP-237—11

Damage Assessment of Reinforced 
Concrete Columns Under High  

Axial Loading

by S. Kono, H. Bechtoula, M. Sakashita, H. Tanaka,  
F. Watanabe, and M.O. Eberhard

Synopsis:  Damage assessment has become more important than ever since 

structural designers started to employ performance based design methods, which 

require structural and member behaviors at different limit states be predicted 

precisely.  This study aims to clarify the confining effect of concrete of a plastic hinge 

zone of a reinforced concrete column confined by shear reinforcement, so that a 

designer can accurately predict damage when columns experience seismic loadings 

that includes large axial force and bilateral deformations.  In an experimental 

program, eight half-scale columns and eight full-scale columns were tested under 

the reversal bilateral displacement with constant or varying axial load in order to 

study the effects of loading history and intensity on the confining effect.  Since shear 

failure was inhibited by providing enough transverse reinforcement, as defined 

by the previous Japanese design guidelines, damage gradually progressed in a 

flexural mode with concrete crushing and yielding of reinforcing bars.  The damage 

level depended on the bilateral loading paths and the axial load history.  In an 

analytical program, a section analysis using a fiber model was employed and the 

effect of confinement on the behavior of core concrete was studied.  The analysis 

predicted the observed deterioration of moment capacity and longitudinal shortening 

under different loading conditions and for different specimen sizes.  The study 

is considered to increase the accuracy with which damage in reinforced concrete 

columns subjected to severe loading is assessed.

Keywords: bilateral loading; confining effect; damage assessment; 

fiber model; high axial loading; plastic hinge; RC column; stress-strain 

relation of concrete
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INTRODUCTION

For a building structure to have a reliable beam side sway mechanism under seismic 

loading, one of the most critical sections is the hinge zone at the base of the lowest floor 

columns.  They are subjected to high axial load variation with bilateral displacements 

under earthquake loadings.  Although extensive studies have been done to predict the 

hysteretic behavior of column hinges, it is still difficult to correctly predict the damage 

progression such as cracking, crushing, and spalling of concrete, buckling of 

reinforcement, etc.  Consequently, a method to assess damage and estimate the remaining 

capacity after earthquakes loading has not been established.  Rao et al. (1998) and Park et 

al. (1985) proposed damage models but their models require use of a complete 

earthquake history.  The authors proposed (Kono and Watanabe, 2001) a moment 

damage index I(M) that can be computed from the maximum compressive strain demand. 

The moment damage index is defined in Eqs. (1) and (2) where the nomenclature is 

explained in Fig. 1.
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where A is the area of the column section and x and y are the distances of infinitesimal 

area, dA, from the centroid of the section in x and y directions, respectively.  Damage 

index, I(M), was shown to simulate the degradation of concrete load carrying capacity 

with a good accuracy for specimens listed in Table 1 as shown in Fig. 2 where the 

strength reduction factor, Rc, is defined by Eq. (3) and computed based on the moment 

carried by the concrete: 

Maximum moment value for each cycle
Rc

Maximum moment value for whole history
   (3) 

However, the usefulness of I(M) largely depends on the accuracy of the simulated 

distribution of stresses and strains across the column cross section.  If the simulation does 

not describe the realistic distribution of stresses and strains, the damage indices computed 

based on these quantities will not have high accuracy.  Even if different damage indices 

are used, an accurate description of the stress state is required to enable evaluating 

damage in the plastic hinge zone.  Hence, the behavior of concrete columns was studied 

using both experimental and analytical approaches.  In this study, sixteen first-floor 

column-base models with a square section were tested under multi-axial reversed cyclic 

loading to investigate the sensitivity of the moment-curvature relations and axial 

shortening-curvature relations in the plastic hinge region to load path, axial force 

intensity, and specimen size.  The hysteretic behavior of a plastic hinge was simulated 

using a simple fiber model and the importance of the concrete confining effect evaluating 

the stress state of core concrete in plastic hinge zones was clarified. 

EXPERIMENTAL PROGRAM 

Test set-ups

Sixteen cantilever column models with a square section as shown in Fig. 3 and Fig. 4

were tested under quasi-static bilateral displacements combined with different axial load 

levels in order to see axial load intensity, specimen size and load history on the behavior 

of a plastic hinge region. Numbers in parentheses under heading (a) for each figure 

indicate the specimen numbers in Table 1. The flexural failure of core concrete was 

designed to precede the shear failure in the plastic hinge zone by providing enough 

transverse reinforcement based on the current Japanese design guidelines (AIJ, 1997). 

The specimen was connected to a three-hydraulic jack system, which applied orthogonal 
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horizontal displacements at the top of the cantilever column.  The representative 

specimen dimensions and test variables are listed in Table 1.  Horizontal displacement 

patterns were linear, circular, and square and some of those paths are shown in Fig. 5(a)

and (b).  Intensity of axial force was either constant or varied proportional to the sum of 

moments Mx and My as shown in Fig. 5(c).  The slope in axial force (N) - moment (M)

relation is provided in Table 1.  The axial load at the beginning of the test was half of the 

axial load variation.  For example, D1NVA started from 0.3f’cD2 where the axial load 

varied between 0 to 0.6 f’cD2.

Experimental results

All specimens showed ductile flexural behavior until the termination of loading.  Visual 

observation showed that specimens with large axial force had more damage than those 

subjected to small axial force.  The spalling of concrete cover was limited to the lower 

0.5D region for small specimens and to the lower 1.5D region for larger specimens, 

where D is the column width. 

Damage can be evaluated also from moment-curvature relation and axial strain-curvature 

relation as some selected results are shown in Fig. 6. The axial strain in the figures is the 

longitudinal strain at the centroid of the column section.  The experimental axial strain 

and the curvature were taken as the mean values for the lower 1.0D region and moment 

was taken at the base of the column. From the figures, it can be seen that the moment-

curvature relation was stable and did not degrade even well after the peak load. 

Application of large axial force, 0.6f’cD2, accelerated the shortening of columns as seen 

in Fig. 6(d) where axial strain is negative for shortening.  However, specimens under low 

axial load or varying axial load did not show much shortening (Fig. 6(b)).

ANALYTICAL PROGRAM 

Section analysis

Section analysis was carried out assuming Bernoulli’s theory (plane section remains 
plane).  The column cross section was subdivided into 576 concrete fiber elements 

(576=24x24) and 12 reinforcing steel fiber elements. Section response was computed by 

integrating all fiber element stresses and stiffnesses. Concrete fiber element follows 

Popovic’s stress-strain relation as shown in Fig. 7(a). Steel fiber element follows the 

Ramberg-Osgood stress-strain relation as shown in Fig. 7(b). The peak point of the 

stress-strain relation of concrete is based on the study by Sakino and Sun (1994).  The 

enhanced strength, fpeak, shown in Fig. 7(c) due to confinement is expressed as follows. 

hyhcpeak fff '        (4) 

coreD

s

C

d

2
15.11       (5) 
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where f’c is the cylinder compressive strength without confinement, , is the coefficient 

of strength enhancement due to confinement, ph, fhy, d, and C are the volume ratio, yield 

strength, diameter, and unsupported length of shear reinforcing bars, respectively, s is the 

distance between adjacent shear reinforcement, and Dcore is the width of confined concrete 

core.  The authors proposed a simple modification in the stress-strain relation.  In Eq. (5), 

the coefficient, , was inserted to the original equation to take into account the effects of 

strain gradient.  An  value was taken greater than 1.0 to increase the strength and 

ductility of confined concrete as shown in Fig. 7(c).  Without , the analytical model 

gave moment capacities much lower than the experimental results. 

In the analysis, was varied so that the analytical results best fit the experimental results.

An assessment function, DE, was defined as Eq. (6) for optimization.  DE represents the 

average error of axial strain normalized by 0 as shown in Fig. 8(a) where i represents 

the difference between the experiment and the simulation at the ith target point and 0 is

expressed by Eq. (7).  The target points were taken as the local maximum or local 

minimum points for each hysteretic loop of the moment-curvature relation and each 

specimen had 12 to 50 target points depending on the number of loading cycles. 

Variation of DE with respect to  for L1D60 is shown in Fig. 8(b) as an example.  The 

optimal values for all specimens are listed in Table 2.
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Analytical results

The simulated moment-curvature relations and axial strain-curvature relation are 

compared with experimental results and some of them are shown in Fig. 6. The 

optimization of  is considered reasonable. 

Table 2 shows some interesting facts.  First, specimens with higher axial force have 

higher , for example, from comparisons of D1N30 and D1N60 or D2N30 and D2N60. 

Specimens with axial load that varied between 0 and 0.6f’cD2 have similar values to 

specimens with constant axial force of 0.3f’cD2.  This shows that the axial force needs to 

be considered as one of major sources of constraint that enhances the ductility and 

strength of confined concrete.  Second, specimens with bilateral loading condition have 

higher  values ҏ than those with linear loading condition.  This can be seen, for example, 

from comparisons of D1N30 and D2N30 or D1N60 and D2N60.  Third, small scale 
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