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Abstract: Modern tall and irregular buildings have become increasingly slender and have columns 

with high axial force, which can pose a serious risk to the seismic safety of these structures. How-

ever, existing experimental studies on slender reinforced concrete (RC) columns under high axial 

force are limited due to the restrictions of testing facilities. Most studies are based on small cross-

section specimens bent in single curvatures and loaded monotonically. But these studies may not 

accurately reflect the realistic seismic behavior of full-scale double-curvature RC columns in build-

ings due to size effects. Therefore, the objective of this study is to provide new insights into the 

seismic performance of full-scale slender and large cross-section RC columns with various trans-

verse reinforcement designs under a constant high axial load of up to 50% of the axial capacity. The 

full-scale specimens were tested in a double-curvature configuration under cyclic lateral displace-

ment reversals and high axial loads. The results show that the tested slender columns experienced 

significant P-Δ moment magnification effects with further drifts after yielding. This imposed a 

greater loading demand on the sections and destabilized the columns after peak loads. The robustly 

anchored trans-verse reinforcement improved seismic performance indicators, including strength 

retention and drift capacity, and reduced the P-Δ moment magnifica-tion experienced by slender 

columns, which enhances the stability index. 

Keywords: Slender RC column; high compression axial load; transverse reinforcement; P-Δ effect; 

moment magnification; stability index 

 

1. Introduction 

The development of high-strength concrete and steel reinforcing bars facilitates the 

use of slender load-bearing members [1]. However, the dual demands of a small cross-

section and high axial load have raised critical concerns about the limit state designs for 

slender reinforced concrete (RC) columns in high-seismic regions [2–4]. The resistance of 

slender RC columns to lateral loads is controlled by the cross-sectional capacity and slen-

derness of the column. A large slenderness ratio causes a significant reduction in the lat-

eral load resistance of RC columns due to the magnified 𝑃 − ∆ effect upon the lateral de-

formation. Particularly, the second-order moment of slender RC columns is amplified 

with the increasing axial compression. In addition to the slenderness ratio and axial load 

demand, the second-order moment calculated per ACI 318-19 is also magnified with the 

reduced structural stiffness due to concrete cracking, which could become significant at a 

high ductility demand [5]. Hence, an appropriate seismic design of slender RC columns 

requires knowledge of the interacting effects of the axial compression, slenderness ratio, 

and ductility demand. 
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Some researchers studied on slender RC columns such as Kim et al. [6] conducted a 

series of axial tests on 30 scaled RC columns (having a cross-section of 80 × 80 mm) with 

the slenderness ratios (𝜆) of 10, 60, and 100. Wibowo et al. [7] experimentally investigated 

the behavior of four scaled single-curvature slender columns (having a cross-section of 

270 × 300 mm with 𝜆 = 28) under cyclic lateral loading. Similarly, Esmaelly and Xiao [8] 

also demonstrated that a higher axial load demand reduced the ductility of the circular 

columns with a diameter of 406 mm and 𝜆 = 36. Senner et al. [9] experimentally investi-

gated the size effect on the behavior of slender RC columns subject to cyclic lateral loads 

using 27 RC columns with a square cross-section of 50–200 mm and a slenderness ratio of 

10–35. Existing studies on slender RC columns often adopted scaled specimens subject to 

single-curvature bending and monotonic loading). Notably, while the slender RC col-

umns with light reinforcement and high axial load demand can be widely found in old 

buildings, their seismic and failure behavior is yet to be sufficiently understood. To fill the 

knowledge gap, this study experimentally explored the response of large-scale, slender 

RC columns under lateral displacement reversals and high axial loads. The column spec-

imens were tested in double-curvature bending to reflect better the actual boundary con-

ditions of RC columns in a frame. The study’s objective was to investigate the effects of 

high ALRs and transverse reinforcement detailing on the seismic behavior of slender RC 

columns at different limit states. The behavior of the slender columns under the influence 

of 𝑃 − ∆ effects was extensively discussed in terms of the failure pattern, hysteretic re-

sponse, strength and stiffness degradation, displacement component, and structural sta-

bility. In addition to the experimental study, the applicability of existing evaluation meth-

ods for the effective stiffness, moment magnification factor, and stability index of the 

tested slender RC columns was assessed. 

2. Experimental Program 

2.1. Specimen Design 

Three large-scale RC columns (namely NC1-0.5P, NC2-0.5P, and NC3-0.1P) with a 

cross-section of 400 × 400 mm, clear height of 3000 mm, and slenderness ratio of 26.0 were 

fabricated and tested. Columns NC1-0.5P and NC2-0.5P were subjected to a high ALR of 

0.5, while NC3-0.1P was assigned a low ALR of 0.1. The low and high ALR values were 

deliberately chosen to position them at the upper and lower balance point of P-M interac-

tion diagram, respectively. The design details are shown in Figure 1 and summarized in 

Table 1. The compressive strength of the concrete materials was determined on the test 

days of the columns using three 150 × 300 mm cylinders which were cast using the same 

batch for the columns. The compressive tests on the cylinders were conducted using the 

standard test procedure conforming to ASTM-C39 [10]. The longitudinal and transverse 

reinforcement of the columns had a nominal yield strength of 420 MPa. Their actual yield 

strengths were determined using uniaxial tensile tests on steel coupons. 

 

 

 

(a) Column specimens (b) Measurement system (c) Layout of MATS 

Figure 1. Specimen design and measurement system. 
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The detailed design parameters are presented in Table 1. The two ends of each col-

umn were connected to RC blocks. The RC blocks had a dense array of reinforcement and 

depth to restrain their potential damage and deformation during structural tests and al-

low the longitudinal reinforcement of the columns to have sufficient development length. 

In Table 1, the nominal shear strength of the columns was calculated according to ACI 

318-19 [11]. The nominal flexural strength of the columns was determined using the mo-

ment-curvature analysis with the fiber section model in OpenSEES [12]. The steel bars 

were modeled using a bilinear strain-hardening material. Details of the fiber section 

model can be found in [13]. The material parameters were determined according to the 

results of material tests. All columns were designed to fail in a flexure-controlled mode. 

The ratio of the shear demand at the nominal flexural strength (𝑉𝑚𝑛) to the nominal shear 

strength (𝑉𝑛) was less than 0.4 for the columns [14–17]. 

Table 1. Column design parameters. 

Specimens 

Concrete 
Axial Load  

Ratio 

Longitudinal Rein-

forcement 

Transverse  

Reinforcement 𝑽𝒎𝒏

𝑽𝒏

 
𝒇𝒄

′   
(𝐌𝐏𝐚) 

𝒇𝒚 

(𝐌𝐏𝐚) 
Bars Bar Size 

𝒔 
(𝐦𝐦) 

𝒇𝒚𝒗 

(𝐌𝐏𝐚) 

𝝆𝒗 𝒇𝒚𝒗

𝒇𝒄
′  

 

NC1-0.5P 49.7 
0.5 

475 12#6 #4 100 470 

0.121 0.27 

NC2-0.5P 49.7 0.091 0.32 

NC3-0.1P 51.9 0.1 0.087 0.27 

2.2. Test Setup and Instrumentation 

The columns were tested by a multi-axial test system (MATS), as shown in Figure 2. 

The MATS is a 6-DOF loading system for seismic testing of large-scale structural compo-

nents. It has two sets of vertical and horizontal actuators with capacities of 30MN and 

4.5MN, respectively [18]. The columns were installed in the test system with their top and 

bottom RC blocks fixed onto the steel plates of the MATS through multiple pre-stressed 

high-strength steel rods, as shown in Figure 2. 

Different measurement devices were adopted to monitor the detailed response of the 

columns. The displacement field of the column specimens was monitored using an Opto-

trak Certus optical measurement system. The locations of the NDI markers (light sensors) 

are shown in Figure 1b. The markers were more concentrated at the top and bottom of the 

columns, where plastic hinges were expected to develop. A dense array of strain gauges 

was also used during the tests to record the strain development in the longitudinal and 

transverse reinforcement. The deployment of the strain gauges is shown in Figure 1a. Fur-

thermore, the possible displacement and rotation of the top and bottom RC blocks were 

monitored using linear variable displacement transformers (LVDTs) and inclinometers. 

  

 

(a) NC1-0.5P (b) NC2-0.5P (c) NC3-0.1P 

 

Figure 2. Hysteresis loops and damage patterns of the columns.  
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3. Experimental Results 

3.1. Damage Pattern 

Figure 2 shows the damage patterns of the columns at the peak load and failure. It 

was observed during the tests that a higher axial load demand suppressed the formation 

of cracks. Although NC3-0.1P had no vertical splitting cracks due to its low axial load 

demand, it had substantially more flexural cracks compared to the high ALR columns. At 

the peak load, the three high ALR columns exhibited similar cracking patterns despite the 

difference in the amount and detailing of the transverse reinforcement, due to the small 

shear demand of the slender columns. However, NC1-0.5P had less concrete spalling than 

NC2-0.5P at the peak load. This result implies that the enhanced confinement effect pro-

vided by the higher transverse reinforcement ratio as per ACI318-19 was beneficial for 

slender RC columns to restrain concrete crushing. Substantial concrete crushing and spall-

ing occurred to all columns at the ultimate limit state, especially for the high ALR col-

umns, as shown in Figure 2. The significant concrete spalling and high axial demand in 

NC2-0.5P caused the opening of the 90-degree hooks, which were designed as per ACI318-

11, and buckling of the longitudinal rebar. Hence, the use of a more robust transverse 

reinforcement detailing (i.e., a combination of three closed hoops with 135-degree hooks) 

in NC1-0.5P evidently led to improved confinement on the concrete core and greater lat-

eral support to the longitudinal bars compared to the use of crossties with 90-degree hooks 

at an equivalent reinforcing ratio. For NC3-0.1P with a low ALR, the longitudinal rebar 

buckled after gradual concrete crushing, although its 90-degree hooks were not open dur-

ing the test. At the end of the tests, the 135-degree hooks in all columns remained closed. 

No fracture was observed for the transverse reinforcement in all columns, which could be 

attributed to the low shear demand of the slender columns. 

3.2. Load-Displacement Behavior 

The load-displacement hysteretic responses (in solid black lines) of the columns are 

presented in Figure 2. For investigating the axial load-slenderness interacting effect on the 

columns’ behavior, the evolutions of the first-order moment 𝑀𝑓  (in dashed-blue lines, 

calculated directly based on the applied lateral force) and the magnified moments 𝑀𝑠 (in 

solid-red lines, equal to 𝑀𝑓 plus the 𝑃 − Δ moment) over the displacement demands are 

also plotted in Figure 2. 

All columns reached their nominal flexural strengths prior to failure. The two high 

ALR columns had similar drifts at the peak loads between 0.75% and 1.0%. In contrast, 

NC3-0.1P’s drift at the peak load was about two times higher, reaching 2% despite the 

lower peak strength. As shown in Figure 2, the high axial compression significantly de-

layed the tensile yielding of the longitudinal rebar, which firstly yielded in compression 

for columns with ALR = 0.5. Meanwhile, the longitudinal rebar of NC3-0.1P almost con-

currently yielded in both tension and compression, which increased the column’s deform-

ability and ductility. 

The peak strength of NC1-0.5P was 11.4% greater than that of NC2-0.5P. Hence, the 

enhanced confinement effect by replacing the crossties with the closed hoops was benefi-

cial in sustaining the stability of the slender columns and improving the core concrete 

strength after cracking and spalling occurred, thus promoting flexural strength develop-

ment. In contrast to NC1-0.5P with the higher peak strength and ductility, columns NC2-

0.5P displayed similar brittle load-displacement behavior with the lower peak strength. 

The poorer seismic performances of NC2-0.5P suggested that the non-robust crossties 

could not provide effective confinement to the concrete core and restraint the buckling of 

the longitudinal rebar of slender RC columns. 

The high ALR of 0.5 caused the post-peak strength of the slender columns to degrade 

rapidly with the increased drift demand due to the destabilizing effect of the 𝑃 − Δ mo-

ment and the increased compressive stress that led to early concrete crushing and rebar 

buckling. As a result, all three high ALR columns did not have an obvious post-peak 
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plateau in the load-drift hysteretic loops despite their low 𝑉𝑚𝑛/𝑉𝑛 values. The drift capac-

ity was defined as the drift ratio when the retained strength was 85% of the peak strength 

(0.85Vmax) [14,16,19]. The ALR effect on the drift capacity of the column was well ob-

served by comparing the results of NC2-0.5P and NC3-0.1P. The drift capacity decreased 

significantly from 6.9% to 1.7% when the ALR increased from 0.1 to 0.5 as a result of the 

more substantial concrete crushing and 𝑃 − Δ effect. 

4. Stability and Ductility 

4.1. Moment Magnifiers 

The P-Δ effect under high axial compression can increase the moment demand on the 

section and also lead to instability of unbraced slender columns. The contribution of P-Δ 

magnified moments to the total moment experienced by the columns at different drift 

levels is shown in Figure 10. The results show that the P-Δ moment became non-negligible 

after the yielding occurred and was significant after the peak strength. To further quantify 

the influence of the P-Δ magnified moment, the moment magnifiers, i.e., 𝑀𝑠/𝑀𝑓, of the 

four columns at different drift levels are plotted and compared in Figure 4b. It can be seen 

that a larger ALR and drift demand led to a higher moment magnification. Despite the 

high slenderness of the column, the moment magnification of NC3-0.1P was minor due to 

the small axial load demand. It was 1.03 and 1.1 at the 1% and 4% drift ratios, respectively. 

Figure 3b shows that in contrast to the minor moment magnification (less than 1.1) 

prior to 1% drift at which the peak strength was nearly reached, the P-Δ action became 

more profound for the post-peak behaviors. Comparing the three high ALR columns, col-

umn NC1-0.5P had a slightly lower moment magnification. For example, at 2% drift, NC1-

0.5P and NC2-0.5P had a moment magnification factor of 1.2 and 1.4, respectively. The 

lesser moment magnification could be due to its enhanced core confinement with the 

closed hoops that improved the stiffness retention in NC1-0.5P. This result is consistent 

with the moment magnifier model in ACI 318-19, in which a higher effective stiffness leads 

to smaller moment magnification. In summary, to satisfy the general equilibrium of the 

slender columns with high ALR, the results suggest the necessity to consider the P-Δ ef-

fect. Otherwise, loss of moment capacity for resisting lateral loads can be caused by the 

moment magnifications due to the P-Δ effects. 

   

(a) Overturning moment-drift (b) Moment magnifier versus 

drift 

(c) Stiffness degradation 

Figure 3. Influence of drift demand on the overturning moment and moment magnification factor 

𝛿𝑠, and stiffness degradation. 

 

Figure 4. The influence of drift demand on the stability index. 
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4.2. Stiffness Degradation 

Lateral stiffness is directly related to the moment magnification and stability issues 

of the columns under significant P-Δ effects. The axial compression would incur a nega-

tive geometric stiffness [20], reducing the apparent lateral stiffness and destabilizing the 

columns. Under cyclic loading, the stiffness of columns would degrade continuously with 

the accumulated damage, and that poses a further risk to the column stability. The secant 

stiffness of the tested columns at different drift levels was calculated and presented in 

Figure 3c. The secant stiffness at a specified target drift was computed as the slope be-

tween the load-displacement points at the positive and negative extremes during the 1st 

loading cycle. Figure 3c shows that NC-0.1P had an initial stiffness that was approxi-

mately 34% lower than that for the high ALR columns due to its lower axial load demand. 

However, the high axial compression caused a more rapid drop in the stiffness as the drift 

increased because of the more significant concrete crushing and the P-delta effect. At 1.5% 

drift, all columns had comparable secant stiffness. 

As for the influence of the steel confinement, the initial stiffness of NC1-0.5P was 

about 10% higher than that of NC2-0.5P. The higher stiffness of NC1-0.5P implies that 

using closed hoops to replace crossties could enhance the confinement on the core con-

crete after initial cracking. Prior to 1% drift (at which the peak strength occurred), NC1-

0.5P consistently had the greatest stiffness among the tested columns. 

4.3. Displacement Ductility 

The displacement ductility factor (𝜇) of the tested column specimens was calculated 

as the ratio of the ultimate displacement (∆𝑢) and yield displacement (∆𝑦). The yield and 

ultimate displacements were estimated according to [21,22]. The yield displacement was 

calculated as the displacement corresponding to the intersection of the maximum lateral 

load and secant stiffness at 75% of the maximum lateral load. The ultimate displacement 

was obtained when the lateral strength dropped by 15% from the maximum lateral 

strength. The calculated displacement ductility factors of the slender RC columns are sum-

marized in Table 2. 

For the two high ALR columns, NC1-0.5P had the higher displacement ductility of 

3.9. Greater confinement of the transverse reinforcement increased the yield and ultimate 

displacements, whereas it only negligible enhanced the ductility factor of slender RC col-

umns. In contrast to the relatively minor influence of the transverse reinforcement design 

for the slender columns, the ALR significantly impacted the yield and ultimate displace-

ments as well as the displacement ductility factor. Reducing the ALR from 0.5 in NC2-

0.5P to 0.1 in NC3-0.1P increased the yield and ultimate displacements by 1.5 and 4.1 

times, respectively. It also improved the displacement ductility factor from 3.8 to 10.6 due 

to the reduced second-order moment and concrete crushing. 

Table 2. The displacement ductility factors. 

Columns 
Test Results 

y* (mm) u* (mm) 𝝁 

NC1-0.5P 13.6 52.5 3.9 

NC2-0.5P 13.1 49.8 3.8 

NC3-0.1P 19.4 206.0 10.6 

* The averages of the ∆y and ∆u in the positive and negative cycles are presented. 

4.4. Stability Index 

In addition to conventional damage limit states mostly related to material properties, 

slender columns have a limit that marks the onset of structural instability. The stability 

limit may define the ultimate response condition for a slender column before significant 
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material-related damage is observed. Different stability limits, e.g., ASCE/SEI-7 [23], 

ACI318-19 [11], have been proposed. In ACI318, the stability index 𝑄 is given as: 

𝑄 =
𝑃Δ

𝑉𝑙𝑐

 (1) 

where Δ is the lateral displacement; 𝑉 is the lateral force; and 𝑙𝑐 is the length of column. 

According to ASCE/SEI-7 [23], the maximum value of the stability coefficient is about 

0.25, which is equivalent to a P-Δ magnified-to-primary moment ratio of 1.33. ACI 318 

defines the upper limit of 1.4 on the magnified-to-primary moment ratio, which is equiv-

alent to 𝑄 = 0.29. 

Figure 4 presents the stability index Q following ACI318-19′s equation of all columns 

and two criteria, i.e., ASCE-SEI-7 [23] and ACI318-19 [11]. It can be seen that the stability 

index of the high ALR columns reached 0.2 prior to the ultimate limit state (i.e., 0.85𝑉𝑝𝑒𝑎𝑘). 

Analytical study [24] on reinforced concrete frames showed that the probability of stabil-

ity failure increases rapidly when the stability index 𝑄 exceeds 0.2. NC2-0.5P and NC1-

0.5P had comparable stability indexes prior to 1.5% drift. These columns reached ACI 

318′s stability limit at 1.9% and 2.2% drift, respectively, implying that the enhanced con-

crete confinement enhances structural stability at the ultimate limit state. On the other 

hand, due to the small influence of 𝑃 − Δ effects under the low compression load, NC3-

0.1P columns did not reach any limit index until the end of testing. 

5. Conclusions 

This paper presents a comprehensive experimental investigation of the cyclic re-

sponses of full-scale slender RC columns under high axial compression load. All columns 

reached their nominal flexural strengths with longitudinal and transverse reinforcements 

yielded prior to failure. The slender columns’ failure mode and hysteretic responses were 

significantly affected by the ALR and transverse reinforcement design. Based on the test 

results, the following conclusions are drawn: 

(1) Increasing the ALR from 0.1 to 0.5 substantially reduced the peak drift ratio of as 

much as 3% (NC3-0.1P) to 0.75% (NC2-0.5P). Substantial concrete crushing and spall-

ing occurred to all columns at the ultimate limit state, especially for the high ALR 

columns. 

(2) Increasing the ALR from 0.1 to 0.5 increased the peak strength by 21% and initial 

stiffness by 86% but caused the stiffness and post-peak strength to degrade rapidly 

due to the significant concrete compression demand and 𝑃 − Δ effect. It also signifi-

cantly reduced the drift capacity by 76% and displacement ductility by 64%. 

(3) Effective core confinement by robust transverse reinforcement with 135-degree 

hooks and closed hoops was essential to sustain the stability of the slender columns 

and improve flexural strength development, strength and stiffness retention, drift 

capacity, and displacement ductility. It also effectively enhanced the lateral support 

to the longitudinal bars, preventing rebar buckling after concrete crushing. 

(4) The P-Δ effects became noticeable after the yielding and significantly affected the 

post-peak response. The enhanced steel confinement by replacing 90-degree crossties 

with 135-degree closed hoops reduced the moment magnification factor from 1.45 to 

1.20 at the ultimate limit state. 

(5) The stability index of the high ALR columns reached 0.2 prior to the ultimate limit 

state, which was indicative of the rapidly increased probability of stability failure. 

The high ALR columns reached ACI 318′s stability limit at 1.75–2.2% drift. Robust 

transverse reinforcement detailing was beneficial in enhancing the structural stability 

for slender RC columns under high compression demand at the ultimate limit state. 

Nevertheless, the scope of the paper was limited to the analysis of conventional slen-

der columns (with normal slenderness) featuring rectangular cross-sections. It is crucial 
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that forthcoming research undertakes a comprehensive exploration of slender columns 

characterized by high slenderness ratios and diverse cross-sectional geometries. 
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