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Abstract 
RC columns in modern buildings are often subject to high compression force, which can lead to premature compression 
failure and reinforcement buckling.  To ensure adequate drift capacity can be achieved, several design codes limit the 
allowed axial force to strength ratio (AFR) specific to a ductility class.  Nevertheless, there is no consensus on what are the 
suitable limits to use in preventing the undesirable failures of the vertical members.  Some design codes even do not limit 
the AFR in design.  To resolve this issue, this paper presents a scientific revisit on the AFR effect on RC columns, which is 
conjugated with a comprehensive statistical analysis of 474 sets of experimental data.  It was found that the drift capacity of 
the columns decreases with increasing AFR.  In particular after AFR > 40, increasing amount of confining reinforcement is 
no longer as effective in enhancing the drift capacity as it is in the low AFR level.  Yet, the lateral strength increase with 
increasing AFR.  To guarantee desirable seismic performances of RC columns, the AFR should be limited in the design.  
The results also suggest that different AFR limits may be used for slender and short RC columns due to different failure 
mechanisms.  
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1. Introduction 
Protecting columns from losing the load-carrying capacity is thus of most important in the capacity design of 
structures to withstand seismic effects [1–3].  Special design and reinforcement detailing are needed for RC 
columns to avert severe strength and stiffness degradation during earthquakes.  The concrete confinement 
detailing in critical regions, such as the potential plastic hinges, is one of the most effective means to enhance the 
member ductility.  The amount of confining reinforcement required for achieving specific ductility level is 
strongly dependent on the imposed axial compression.  High axial compression can reduce the ductility capacity 
as a result of premature concrete crushing, low-cycle fatigue or reinforcement buckling.  Therefore, the 
confinement detailing requirement is often set to be more stringent at higher axial compression levels in order to 
compensate the reduced ductility capacity.   

Some RC design codes, e.g. Eurocode 8 [4], Turkish Earthquake Code [5] Chinese Seismic Code [6] and 
Hong Kong RC Code [7], even stipulate upper limits on axial force ratio (AFR) - a ratio of nominal axial stress 
to concrete compressive strength of the section.  But not all design codes have the same requirements, for 
instance, New Zealand [8] and ACI codes [9] do not explicitly prescribe any limits for AFR.  The two latter 
codes only require the maximum axial force does not exceed the design axial capacity, but that is generally less 
restrictive than the AFR limit requirements.  In this regard, this paper revisits the scientific background of the 
AFR effects and attempts to establish its relationships with the drift capacity and lateral strength.  The AFR 
effects are studied with well-established theoretical and empirical models in conjunction with a comprehensive 
statistical analysis using 474 sets of column test data.  The work presented in this paper would provide reference 
for the use and determination of a suitable limit of axial force ratio (AFR) for achieving target performances of 
RC columns in earthquakes. 

2. Axial compression effects on drift capacity and strength 
High axial compression causes early crushing of concrete and lead to low displacement capacity [2].  It can be 
illustrated by considering the displacement capacities of the RC members under different axial compression 
levels.  Generally, members with length-to-depth ratio 3>Lα  display flexural-controlled behaviour, 3≤Lα  
display shear- or flexural-shear controlled behaviour [4,10].  By making the following assumptions: (1) the strain 
penetration length lysp dfL 022.0= , (2)  1/ 22 <<ssp LL , and (3) the lower bound value of plastic hinge length 

spp LL 2=  [11], the ultimate drifts of the flexural-controlled members can be directly calculated by the moment-
curvature analysis that gives  
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where sL  is the length from the critical section to the point of contra-flexure; cl  is the section depth; ζ  is a 
shape factor, which takes a value of 2.1 for rectangular column sections, and 2.25 for circular column sections 
[11]; yε  is the yield strain of steel reinforcement; csL hL /=α  is the column aspect ratio; yf  is the yield strength 

of the longitudinal reinforcement; ld  is the longitudinal bar size; and c is the depth of natural axis.  It can be 
shown that the depth of natural axis c is a monotonic increasing function of axial compression.  Therefore, the 
curvature ductility and the displacement ductility calculated by Eq. (1) decrease with the increase of axial 
compression.   

The lateral strength is  
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where sgn is sign function: ( ) 1sgn =a if a ≥ 0 and ( ) 1sgn -=a if a < 0; )(xb  is the width of the section at 
height x from the bottom reinforcement; siε  is the steel strain of the i th longitudinal reinforcing steel bar of 
area iA .   

For shear-controlled columns, the ultimate drift can be estimated by the following empirical equation [12]: 
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where sρ  is shear reinforcement ratio, v  is nominal shear stress, P  is axial force; gA  is the gross cross 
sectional area.  The above equation explicitly includes the effect of AFR by the third term in the middle 
expression.  According to this equation, lower ultimate drifts of shear-controlled columns are resulted in higher 
AFR as of flexure-controlled columns, though it is also recognised that axial compression can increase the 
friction on the cracked surfaces.  The positive effect of axial compression on the shear strength of RC columns is 
reflected in the Sezen (2002) model [13] as  
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where the value of the factor k  is a function of displacement ductility Δμ  as follows 
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The AFR effects on the displacement capacities, as depicted by Eqs. (1) and (3), for flexural columns and 
shear columns of different percentages of confining hoop reinforcement are illustrated in Figs. 1 (a) and (b) 
respectively.  Similarly, the AFR effects on lateral strength for flexural and shear columns are illustrated in Figs. 
2 (a) and (b) respectively.  Furthermore, the experimental data presented in Structural Performance Database 
[14] established by PEER and the University of Washington are used to evaluate the deviations of the calculated 
results from the actual test results.  The comparisons are shown in the Figs. 1 (c) and (d) for ultimate 
displacement drifts, and Figs. 2 (c) and (d) for lateral strength respectively.  It can be seen that effectiveness of 
confinement to enhance the displacement capacity is reduced by increasing AFR, revealing the need of AFR 
limits to control the ductility of RC columns.  Furthermore, the ultimate drifts of flexural columns, failing in 
tension failure, decrease rapidly with increase of AFR over the low AFR region as shown in Figs. 3 (a).  
Subjecting to higher AFR, the rate of drop in ultimate drift becomes more gradual as a result of the change of 
behaviour from tension failure to compression failure.  On the other hand, the Elwood and Moehle model [12] 
depicts a less rapid drop in ultimate drifts of shear columns until a constant level is reached in high AFR (Fig. 1 
(b)).   
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Fig. 1 – Ultimate displacement ratios (UDRs) of RC columns (a) AFR vs UDR of flexural columns; (b) AFR vs 
UDR of shear columns; (c) calculated results vs experimental results of flexural columns; (d) calculated results 

vs experimental results of shear columns 

 
Fig. 2 – Normalised lateral strength (NLS) of RC columns (a) AFR vs NLS of flexural columns; (b) AFR vs 

NLS of shear columns; (c) calculated results vs experimental results of flexural columns; (d) calculated results vs 
experimental results of shear columns 
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 As shown in Fig. 2 (a), the lateral strength-AFR relationship of flexural columns shows the typical 
behaviour of M-N interaction behaviour.  In low AFR region, where columns fail by tension failure, the moment 
capacity and the lateral strength are enhanced by the increase of axial force.  However, after the balanced-failure 
point, compression-failure dictates the column behaviour and further increase of AFR cause reduction in lateral 
strength.  In the case of shear columns, as shown in Fig. 2 (b), the shear strength is directly proportional to the 
amount of transverse reinforcement provided as predicted by Sezen (2000) shear models.  As shown in Fig. 2 
(c), a very accurate estimation of the lateral strength of flexural columns can be obtained by simple moment 
curvature analysis.  For the shear columns, as shown in Fig. 2 (d), the Sezen model can give good estimations for 
lightly reinforced columns but tends to underestimate the shear strength of heavily reinforced columns.  

3. Statistical analysis of the axial force effect 
The actual effects of axial compression on RC columns are more complicated than the modelled behaviour.  
Beside the reduction of curvature ductility, high axial compression can also (1) lead to early spalling of the 
concrete cover at relatively low displacement, which in turn increases the buckling risk of the exposed 
longitudinal bars [3], (2) exacerbate the P-∆ effect on the columns in particular the slender ones, which is 
characterised by “crawling” phenomenon occurring in the hysteretic behaviour and leading to collapse [2], and 
(3) increase of the risk of low cycle fatigue of the columns under seismic motions [15].  In view of this 
complication behaviour, the quantification of the concrete confinement and axial compression effects has been 
very much relying on experimental data and this is normally served as a basis for developing code provisions for 
practical design.  A statistical analysis is conducted with a large database of 474 experimental data sets of RC 
columns, which is composed of those experimental data presented in the Structural Performance Database [14], 
and also some latest test results by [16–20].   

3.1 Ultimate displacement capacity 
Displacement capacity is particularly important in determining the seismic performance and collapse probability 
of RC columns in devastating earthquakes.  In this regard, the relationships between ultimate displacement ratio 
(UDR) against axial compression ratio (AFR) for the tested circular and rectangular RC columns are plotted in 
Figs. 3 and 4 respectively.  The data sets are further divided into three groups of lightly confined columns with 
mechanical volumetric reinforcing ratio 1.0/ ' ≤= cyvv ffρω , moderately confined columns ( 2.01.0 ≤< vω ), and 
heavily confined columns ( 2.0>vω ).  Figs. 3 and 4 provide solid evidence on how the axial compression and 
confinement influence the displacement capacities of RC columns.  There is a trend of deteriorating 
displacement ductility and capacity with the increase of axial compression.  Below a relatively low level of axial 
force ratio (≤ 20%), considerable flexural columns can achieve moderate to high UDR (>6%) with moderate 
confinement ( 2.01.0 ≤< vω ).  And the effect of confinement on improving the structural performances is clearly 
demonstrated again.  At higher axial force ratio (> 30%), the columns can hardly maintain the same level of 
ductility as in under low axial force ratio and large amount of confinement is needed in order to achieve 
moderate to high UDRs.  Above axial force ratio of 40%, the UDRs of most columns cannot even be higher than 
2%.  There is a similar trend for shear columns that the UDRs are diminishing with increasing AFR, regardless 
of the amount of confinement reinforcement being provided.   

Nevertheless, the ultimate drift of short columns is less influenced by AFR and shows a more graduate 
decline with increasing AFR when compared with the case in flexural columns.  The Elwood and Moehle model 
[12] sets a lower bound for the ultimate displacement ratio of shear columns to be 1%, but it can be seen from 
Fig. 4 (a) that some columns have values of as low as 0.71%.  It is therefore suggested that the lower bound for 
ultimate displacement ratio of shear columns should be set at 0.7%.  Furthermore, it is known that the axial 
compression has both adverse and beneficial effects on the shear-controlled RC members.  The benefits of axial 
compression become predominant for RC members with very low aspect ratios.  It was shown in [21] for very 
short RC walls with aspect ratio less than 1.5, the trend for the ultimate displacement-AFR relationship is even 
completely reversed, due to the fact that the shear transfer by arch action and sliding resistance of cracks in the 
shear-controlled RC members can be enhanced by axial compression. 
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Fig. 3 – AFR vs UDR of flexural columns ( 3>Lα ) (a) all flexural columns; (b) lightly confined columns 

( 1.0≤vω ); (c) moderately confined ( 2.01.0 ≤< vω ); (d) heavily confined ( 2.0>vω ) 

 
Fig. 4 – UDR vs AFR of short columns ( 3≤Lα ) (a) all short columns; (b) lightly confined columns ( 1.0≤vω ); 

(c) moderately confined ( 2.01.0 ≤< vω ); (d) heavily confined ( 2.0>vω ) 
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3.2 Lateral strength 

Relationships between the shear strength normalized with respect to gc Af 5.0  and AFR are plotted in Figs. 5 and 
6 for flexural and shear columns respectively.  Although the analytical behaviour for flexural columns (Fig. 2 
(a)) cannot be clearly observed in the statistical results as shown in Figure 7, the calculated normalised shear 
strength by the moment-curvature analysis (Eq. (2)) is bounded below the average experimental results i.e. 

20160/ 5.0 .-.Af gcu =V  when AFR is less than 40% and thus can gives reasonable estimation over this region of 
low to moderate AFR.  Higher amount of confining reinforcement does not result in significant increase in the 
lateral strength of the columns. This is because the strength of flexural columns is largely dependent on the 
amount of longitudinal reinforcement.  Confining reinforcement primary enhance the concrete ductility but only 
increase slightly the concrete strength.  Hence, the lateral strength is not largely affected by the amount of 
confining reinforcement used in the columns.  On the contrary, higher AFRs lead to noticeable increase in 
ultimate lateral strength of short columns as shown in Fig. 6, which is as much as double the attainable lateral 
strength of the flexural columns at the same level of AFR.  High axial compression can enhance the friction on 
the shear crack surfaces, which in turn enhance the overall lateral strength of the short columns controlled by 
shear deformation.  The Sezen (2002) model is able to predict this behaviour correctly (Fig. 4 (b)).  Unlike the 
flexural columns, the strength of shear columns is largely dependent on the amount of transverse reinforcement.  
Therefore, it can be seen that with greater amount of confining reinforcement, the lateral strength of the shear 
columns is also noticeably higher.  Nevertheless, such increase in lateral strength generally cannot compensate 
the adverse effect on reduction in displacement capacity due to high axial compression, which generally dictates 
the collapse probability of buildings under seismic loading.  

 
Fig. 5 – NLS vs AFR of flexural columns ( 3>Lα ) (a) all flexural columns; (b) lightly confined columns 

( 1.0≤vω ); (c) moderately confined ( 2.01.0 ≤< vω ); (d) heavily confined ( 2.0>vω ) 
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Fig. 6 – NLS vs AFR of shear columns ( 3≤Lα ) (a) all shear columns; (b) lightly confined columns ( 1.0≤vω ); 

(c) moderately confined ( 2.01.0 ≤< vω ); (d) heavily confined ( 2.0>vω ) 

4. Comparisons of the code stipulated AFR limits 
The stipulated limits on the axial compression ratios in various design codes are compared in adjacent to the 
statistical analysis presented before, which has related the displacement capacity and axial compression ratio.  
Since the denominators in the axial compression ratios defined by various design codes are generally different, 
they are firstly re-normalised with respect to the specified cylindrical compressive strength of concrete as 
presented in Table 1, and the renormalized limits are plotted together with the statistical data in Fig. 7.  Fig. 7(a) 
presents the plot of displacement ductility of flexural columns against AFR, while Fig. 7(b) presents the plot of 
ultimate displacement ratio of shear columns against AFR.  Two different types of plots are used because, unlike 
flexural columns, the displacement ductility or the yield drift of shear columns is difficult to define properly and 
the ultimate displacement ratio (UDR) is thus more widely accepted to represent their structural performances. 

 As shown in Fig. 7, the upper bounds of the NZ and ACI codes limits and the HK code’s apparent limit on 
axial compression ratio, though not explicitly stipulated, fall in a region where the predicted column behaviour is 
unsupported by any experimental data.  Therefore, these limits cannot really guarantee desirable column 
behaviour as designed during earthquakes.  In EC8, for multi-storey frames with fundamental period T1 larger 
than the corner period Tc, ductility factor µδ is equal to the behaviour factor q, of which basic values are 3.6 and 
5.4 for DCM and DCH respectively.  As seen in Fig. 7, EC8 provisions satisfy the target levels of ductility for 
flexural columns, and also ensure that the ultimate drift ratio of shear columns would not be lower than 2%, 
provided that column hinges are properly detailed.  The TEC 2007 and GB codes also give reasonable limits on 
AFR.   
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Table 1 – Codes provisions on AFR limits for RC column design 
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(1) Assumed limit not explicitly stipulated by HKCocrete2013.   
(2) Po = 0.85fc’(Ag – Ast) + fy Ast and Nn, max= α1 fc’(Ag – Ast) + fy Ast  are the nominal axial strength of columns specified by ACI 318-14 and NZ 
3101:2006 respectively.   
(3) The ACI limits are typical axial load-and-resistance design requirement and have no additional requirements for seismically designed columns.   
(4) Limits in ACI and NZ are dependent on the values of strength reduction factor φ, longitudinal reinforcement ratio ρL,  and steel yield strength to 
concrete compressive strength ratio m = fy  /fc’.  If the typical values of 0.85 and 14 are assumed for α1 and m respectively, the limits are ranged from 0.51-
0.86 corresponding to the allowable range of longitudinal reinforcement ratio (0.8-4%) with φ = 0.85 for NZ, and 0.52-0.91 (ties) and 0.60-1.04 (spirals) 
corresponding to the allowable range of longitudinal reinforcement ratio (1-6%) with φ = 0.65 (ties) or 0.75 (spirals) for ACI. 
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Fig. 7 – Codes specified axial compression ratio limits (a) displacement ductility ∆µ  of flexural columns 
( 3>Lα ); (b) ultimate displacement ratio (UDR) of shear columns ( 3≤Lα ) 

5. Conclusion 
Structural columns, as a primary and critical load-carrying member, should be designed and detailed to sufficient 
structural ductility in order to reduce the risk of the catastrophic collapse of the whole structure.  In modern 
seismic design paradigm, the ductility and energy dissipation capacity of RC columns are enhanced by concrete 
confinement in the potential plastic hinge regions with hoop reinforcement.  The required quantity of confining 
reinforcement is largely dependent on the level of axial compression induced onto the columns.  The 
effectiveness of typical detailing for concrete confinement is often deteriorating with increase of axial 
compression and therefore many modern seismic design codes also stipulate upper limits on axial compression 
ratio. 

 Nevertheless, there considerable dissimilarities in the provisions on the confinement detailing and axial 
compression limits stipulated in various design codes.  In view of this issue, this paper revisited the scientific 
background of confinement detailing for concrete structures, and then presents a comprehensive statistical 
analysis is conducted using the 474 experimental data sets of various types of RC columns.  It is found that the 
drift capacity of the RC columns under cyclic loading can be deprived by increasing axial compression ratio, 
though the lateral strength can be enhanced by increasing axial compression.  To prevent undesirable failure 
mechanisms such as premature compression failure and reinforcement buckling, axial compression ratio should 
be limited in the columns design.  EC8 set reasonable AFR limits for RC columns designed to different ductility 
classes, yet it was shown that different limits may be used for slender and short columns as they are controlled 
by different failure mechanisms.  The NZ and ACI code requirements result in a large range of the axial force 
limits dependent on the longitudinal reinforcing ratio, and are much less stringent in comparison with the EC8, 
TEC 2007 and GB codes.  The NZ and ACI codes allow AFR as high as 0.9 for heavily reinforced columns but 
there is even no experimental data to guarantee the predicted behaviour.   
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In a region of moderate to high seismicity, the structural member should be designed to at least with 
ductility 4.0≥∆µ .  For typical flexural-controlled columns with confinement 1.0>vω , a suitable AFR limit 
can be taken as 0.50≤ .  Given the evidently poor seismic performances, shear-controlled columns should be 
avoided.  If shear columns are inevitable, the ultimate drift capacity shall not be less than 0.02% of the column 
height and the AFR limit is tightened up to 0.40≤ in order to guarantee life-safe performance level.  
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