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strength, ductility and fire resistance (Abramski, 2018; Bha-
tia & Tiwary, 2023; George et al., 2024; Hongsong et al., 
2019; Shanmugam, 2022; Sonnenschein et al., 2020; Tawfic 
et al., 2021). The synergistic interaction between steel and 
concrete significantly improves structural efficiency, posi-
tioning these composite columns as a viable substitute for 
conventional construction methods (Ahmed & Güneyisi, 
2019; Mounica et al., 2022; Roeder et al., 2009). CFST col-
umns represent a widely recognized form of steel-concrete 
composite structural systems. These structural members 
integrate a steel tube filled with concrete, capitalizing on the 
beneficial properties of both constituent materials. The steel 
tube provides confinement on the concrete core, increasing 
the concrete’s compressive strength while postponing local 
buckling of the steel tube (Anilkumar, 2020; Megahed et al., 
2024; Tan & Liu, 2012). This confinement effect improves 
both ductility and stiffness in CFST, rendering them par-
ticularly effective for axial load resistance and enhancing 

Introduction

Composite columns integrating steel and concrete serve as 
essential components in modern construction, leveraging the 
synergistic properties of both materials to form high-perfor-
mance members. These elements find extensive application 
in skyscrapers, bridge structures and major infrastruc-
ture projects owing to their exceptional axial compressive 
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Abstract
This study examines the axial compressive behavior of square concrete filled steel tube (CFST) short columns enhanced 
with steel plate reinforcement (SPR). Although CFST columns benefit from composite action, square sections exhibit 
reduced confinement effectiveness for the concrete core, increasing susceptibility to local buckling. While various strength-
ening methods are available, most of their implementation with prefabricated steel tubes is frequently impractical due to 
fabrication complexities that adversely affect construction efficiency. To overcome these issues, nine 100 mm × 100 mm 
× 300 mm square CFST short column specimens were tested experimentally under axial compression, including unrein-
forced, single SPR and double SPR configurations. SPR elements were spot welded internally to the steel tube walls to 
improve local stability with minimal fabrication complexity. Results confirm that SPR effectively delays local buckling 
onset, redistributes stress concentrations and enhances concrete confinement. Compared to unreinforced columns, speci-
mens with SPR demonstrated increases in initial elastic stiffness (up to 63%), ductility (up to 39%) and ultimate axial 
compressive strength (up to 25%). Notably, double SPR configurations provided higher strength and energy absorption 
capacity, whereas single SPR delivered superior initial elastic stiffness and ductility, indicating a nonlinear performance 
relationship with reinforcement quantity. For analytical convenience, design equation is proposed to predict the axial com-
pressive load capacity of square CFST short columns with SPR. These outcomes highlight SPR’s viability as a simple, 
efficient strengthening alternative, offering enhanced structural performance and constructability over established methods.
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structural system stability (Diao et al., 2025; Lehman & 
Roeder, 2012; Ouyang & Kwan, 2018; Zhan et al., 2016).

CFST columns commonly employ circular, square or 
rectangular cross-sections. Circular steel tubes deliver uni-
form confinement to the concrete core (Le, 2023; Parvin & 
Brighton, 2014), as illustrated in Fig. 1(a), improving both 
load bearing capacity and ductility in circular CFST columns 
(Zhu & Chan, 2019). However, connecting I-section beams 
to circular columns typically requires profiled end treat-
ments due to curved surfaces. Square steel tubes provide 
planar surfaces that enable direct-welded or blind-bolted 
connections to beam members (Chen et al., 2022; Debnath 
et al., 2023; Kim et al., 2015; Zhou et al., 2019), explaining 
their widespread practical adoption. Consequently, research 
on optimizing square CFST column behavior has increased 
in recent years. Relative to circular sections, square sections 
exhibit diminished confinement effectiveness throughout the 
cross-section (Fig. 1(a)), leaving regions near flat surfaces 
unconfined during steel tube local buckling. Figure 1(b) dis-
plays cracking patterns in confined square sections (Youssef 
et al., 2007), clearly distinguishing effective and ineffective 
confinement zones. Square section steel tubes with planar 
faces are highly susceptible to outward local buckling and 
necessitate stricter cross-section slenderness limits than cir-
cular sections (Huang et al., 2024; Su et al., 2020). These 
limitations negatively impact the square CFST column 
compressive performance, necessitating effective strength-
ening methods.

Recent experimental studies continue to emphasize 
that the axial compressive behavior of CFST columns is 
governed by the effectiveness of steel tube confinement, 
composite interaction between steel and concrete and the 
stability of steel tubes under compression. Investigations 
on axially loaded short columns have confirmed that local 
buckling of steel tubes and confinement efficiency remain 
dominant factors influencing axial strength, stiffness and 

ductility, even in CFST type systems employing refined 
material configurations (Lai et al., 2025; Ma et al., 2025; 
Nguyen et al., 2025). In parallel, recent research has high-
lighted the importance of steel concrete interaction and 
load transfer mechanisms in governing composite action 
and failure modes of CFST columns under axial loading, 
reinforcing the role of effective internal restraint in enhanc-
ing confinement performance (Deng et al., 2025; Lai et al., 
2025). Although some recent approaches improve confine-
ment through advanced material combinations or enhanced 
interface behavior, the fundamental challenges associated 
with ineffective confinement zones and premature local 
buckling in square CFST sections persist, particularly for 
thin-walled members subjected to axial compression (Lai 
et al., 2024).

As a result, numerous strengthening methods have been 
developed and investigated to address buckling phenom-
ena in square CFST columns, aiming to optimize their 
structural performance under axial loading (Alatshan et al., 
2020; Han et al., 2022). Existing strengthening methods for 
square CFST columns encompass longitudinal plate stiffen-
ers (Guo & Diao, 2022; Tao et al., 2008, 2005), involving 
the welding of longitudinal plate stiffeners to the internal or 
external surfaces of the steel tube. Research demonstrates 
that such strengthening methods effectively postpone local 
buckling in square CFST short columns, amplifying con-
finement effects on the concrete core and thereby increasing 
both axial compressive strength and deformation resis-
tance. Although various plate stiffener configurations were 
explored in previous studies (Alatshan et al., 2020), none 
demonstrated significant improvement in the ductility per-
formance of square CFST columns. Another strengthening 
method employs binding bars installed across opposing 
faces of the square steel tube wall and uniformly spaced 
along its longitudinal axis. Experimental investigations 
confirmed that binding bars delay local buckling of the steel 

Fig. 1  Concrete confinement mechanisms: a Comparative confinement behavior across section geometries (Li et al., 2025; b Typical cracking pat-
tern in confined square concrete section (Youssef et al., 2007)
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tube and enhance lateral confinement of the concrete core 
(Cai & He, 2006; Cai & Long, 2007; Liao et al., 2022; Liu & 
Cai, 2013). However, the drilling process for bar installation 
was found to induce stress concentrations in the steel tube. 
Another strengthening method, including fiber-reinforced 
polymer (FRP) wraps and steel jackets, have been inves-
tigated to address these challenges. FRP wraps effectively 
mitigate local buckling while enhancing axial compressive 
strength and ductility. Steel jackets strengthen confinement 
and load resistance without affecting initial stiffness. How-
ever, such methods often incur higher costs and face limita-
tions in long-term durability and constructability (Hu et al., 
2011; Liao et al., 2023; Miao et al., 2023; Wen et al., 2021; 
Xu et al., 2025). Some of these strengthening methods are 
technically complex and require extensive preparation, 
making them difficult to implement in normal construction 
practices.

To address these limitations, Abdullah et al. (2018, 
2020) have introduced steel plate reinforcement (SPR) in 
square CFST columns. The SPR elements are fixed at both 
ends of the internal surface of the steel tube by spot weld-
ing. This attachment method addresses the limited acces-
sibility within small cross-sections while securing the SPR 
positioning during the concrete casting operation. Once the 
concrete cures, the interaction relies on the confinement 
provided by the concrete core rather than the weld strength. 
Their findings indicate that SPR notably improves column 
strength, stiffness and ductility. In those studies, the experi-
mental results were validated through complementary finite 
element analysis and numerical modeling. While prior 
research has focused on square CFST columns with mod-
erate slenderness, particularly under eccentric loading, a 
significant gap exists regarding experimental data for other 
section types incorporating SPR. Furthermore, no existing 
study has explored the influence of SPR quantity on local 
buckling initiation, composite interaction mechanisms and 
overall axial load performance.

Hence, this research experimentally examines square 
CFST short columns with SPR positioned inside the steel 
tube walls, which are then subjected to axial loading. Unlike 
earlier research, this investigation focuses on short columns 
where local buckling is the primary failure mode and SPR’s 
effectiveness remains unknown for this type of section. 
The confinement action provided by SPR in square CFST 
short columns is also not well understood. The study also 
evaluates how varying SPR quantities influence structural 
performance. This study experimentally investigated failure 
modes, axial load–displacement, axial load-strain relation-
ships, initial elastic stiffness, ductility, ultimate axial com-
pressive strength, strength index and energy absorption 

characteristics of square CFST short columns. Experimental 
data will be utilized to assess the applicability of codified 
design guidelines from EN 1994-1-1, ANSI/AISC 360-22, 
GB 50936-2014 and AIJ. No predictive equations currently 
exist for estimating the axial compressive load capacity of 
square CFST short columns with SPR. To address this limi-
tation, a design equation is developed to predict the axial 
compressive load capacity of square CFST short columns 
with SPR.

Experimental program

Test specimens

The experimental program comprised nine square CFST 
short column specimens. The experimental setup employed 
SPR, with all plates running continuously along the longi-
tudinal axis and had the same height as the CFST columns. 
The specimens are categorized into three groups, which 
consist of Group CFST-X (unreinforced specimens), Group 
CFST-SS18 (reinforced with single SPR on each of the four 
sides) and Group CFST-DS18 (reinforced with double SPR 
on each of the four sides), as shown in Fig. 2. A 0.14B spac-
ing ratio was chosen to maximize reinforcement capacity 
within the compact cross-section. This configuration allows 
for deeper SPR depths, compared to a lower geometric 
limit for equidistant spacing, while maintaining sufficient 
clearance to prevent aggregate blockage and ensure proper 
consolidation.

The SPR elements were attached via spot welding at both 
ends of the inner surface of the steel tubes. This attachment 
method was selected to address the constructability chal-
lenges associated with small cross-sections. Given the lim-
ited accessibility within the steel tubes, continuous welding 
along the full height was not practically feasible. Therefore, 
the spot welds functioned primarily as a temporary fixation 
to secure the SPR alignment during the concrete casting 
process. Once the concrete cured, the SPR was fully con-
fined by the concrete core, ensuring effective composite 
action without the need for continuous welding. The spot 
welds were placed approximately 25 mm from each end of 
the steel tube, as shown in Fig. 3. The steel endplate mea-
suring 10 mm in thickness was attached to the base of every 
specimen using continuous fillet welds along the entire steel 
tube perimeter to ensure a rigid base and prevent leakage of 
concrete during casting. After casting, the specimens were 
cured for 28 days at ambient temperature.

Table 1 presents the details and key parameters of the 
column specimens. All the square CFST short column 
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Table 1  Details of the square CFST short column specimens
Specimen B

(mm)
H
(mm)

t
(mm)

HSPR
(mm)

tSPR
(mm)

r
(mm)

Aa

(mm2)
Ac

(mm2)
ASP R

(mm2)
CFST-X-1 100.0 100.0 2.0 - - 3.0 773.7 9212.6 -
CFST-X-2 100.0 100.0 2.0 - - 3.0 773.7 9212.6 -
CFST-X-3 100.0 100.0 2.0 - - 3.0 773.7 9212.6 -
CFST-SS18-1 100.0 100.0 2.0 18.0 2.0 3.0 773.7 9068.6 144.0
CFST-SS18-2 100.0 100.0 2.0 18.0 2.0 3.0 773.7 9068.6 144.0
CFST-SS18-3 100.0 100.0 2.0 18.0 2.0 3.0 773.7 9068.6 144.0
CFST-DS18-1 100.0 100.0 2.0 18.0 2.0 3.0 773.7 8924.6 288.0
CFST-DS18-2 100.0 100.0 2.0 18.0 2.0 3.0 773.7 8924.6 288.0
CFST-DS18-3 100.0 100.0 2.0 18.0 2.0 3.0 773.7 8924.6 288.0
B Steel tube sectional width, H Steel tube sectional depth, t Steel tube thickness, HSP R SPR sectional depth, tSP R SPR thickness, r Inside bend 
radius of steel tube, Aa Cross-sectional area of steel tube, Ac Cross-sectional area of concrete, ASP R Cross-sectional area of SPR

Fig. 3  Typical cross-section of 
the specimens with longitudinal 
steel plate reinforcement

 

Fig. 2  Cross-sectional configurations of square CFST short column: a no SPR, b single SPR, c double SPR
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Material properties

Steel

The steel tubes and SPR employed in this experimental 
program were fabricated from mild steel, with both compo-
nents having a thickness of 2 mm. Three standard steel cou-
pons were machined from each steel tube and SPR using a 
Computer Numerical Control (CNC) system to ensure accu-
racy. Tensile coupon tests were conducted to determine the 
mechanical properties of the steels in accordance with ISO 
6892-1:2019 (International Organization for Standardiza-
tion, 2019), employing Hung Ta HT-2101 Electro-Hydrau-
lic Servo Universal Testing Machines with a capacity of 
300 kN. A strain gauge was mounted at the mid-height 
of each standard steel coupon to record the stress-strain 
response within the linear elastic range and to determine 
the Young’s modulus. Beyond this, crosshead displace-
ment was employed to capture the full plastic behavior of 
the standard steel coupon specimens. It is observed that the 
steel tube and SPR exhibit distinct stress–strain behaviors, 
as shown in Fig. 4. The steel tube coupons, extracted from 
the flat faces of the section, display a linear elastic region 
followed by a distinct yield plateau. This behavior is con-
sistent with the characteristics of hot-rolled steels (Yun & 
Gardner, 2017), indicating that the flat faces of the steel 
tube retained the mechanical properties of the parent hot-
rolled coil with minimal work-hardening. Conversely, the 
SPR material exhibits a rounded stress–strain curve with 
continuous yielding and no yield plateau, which is charac-
teristic of cold-formed steels (Gardner & Yun, 2018). These 
results confirm that while both components are mild steel, 
their post-yield behaviors differ due to their specific fab-
rication histories. Besides, Table  2 summarizes the mean 
tensile properties derived from the steel tube and SPR. The 

specimens have a cross-section of 100  mm × 100  mm 
and a height of 300 mm. This cross-sectional dimension 
was selected to investigate square CFST short columns 
governed by local buckling and steel concrete interac-
tion, consistent with specimen sizes adopted in numerous 
experimental studies (Elchalakani et al., 2018; Hossain & 
Chu, 2019; Islam et al., 2021; Yang & Han, 2006; Yu et 
al., 2008). A height-to-width ratio of 3 was employed to 
ensure that the observed behavior was dominated by steel 
tube local buckling and concrete confinement rather than 
global instability (Alatshan et al., 2023; Ci et al., 2022; 
Tao et al., 2004; Wang et al., 2015; Zhou et al., 2020; Zhu 
et al., 2017). The selection of this scale was also governed 
by the 3000 kN capacity of the testing equipment, ensur-
ing that the ultimate failure load of the reinforced speci-
mens remained within safe operational limits. Although 
smaller cross-sections are known to exhibit relatively 
higher confinement efficiency than full-scale members, 
scale effects in square CFST short columns have been 
widely reported and acknowledged in the literature. The 
primary objective of this study is therefore to quantify 
the relative performance enhancement provided by the 
SPR mechanism compared to equivalent unreinforced 
control specimens tested under identical geometric and 
material conditions.

The specimen designation system identifies the experi-
mental groups. For instance, CFST-X-1, CFST-SS18-1 and 
CFST-DS18-1 follow a structured naming format. The let-
ters after the first hyphen in CFST indicate the reinforcement 
type, where X denotes unreinforced, SS signifies single SPR 
and DS represents double SPR. The number following SS 
or DS corresponds to the SPR sectional depth in millime-
tre. The final number after the second hyphen identifies the 
specimen within its group.

Fig. 4  Measured stress–strain 
curves of tensile coupons
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loading. The axial load, end shortening, longitudinal strain 
and lateral strain measurements were acquired during test-
ing. Two linear variable displacement transducers (LVDTs) 
were positioned symmetrically on opposite specimen sides 
to quantify the average axial displacement. Prior to testing, 
careful alignment of the specimens was carried out to achieve 
accurate vertical positioning, thereby minimizing potential 
eccentricity effects. Four strain gauges, designated SG1 to 
SG4, were affixed to the outer surface of the steel tube at its 
mid-height. Two 20 mm strain gauges (SG1 and SG3) were 
oriented vertically to measure longitudinal strain, while the 
remaining two (SG2 and SG4) were oriented horizontally 
to measure lateral strain. A similar approach to strain gauge 
installation has been adopted by previous studies (Ren et 
al., 2018; Sulaiman et al., 2021). Data from the LVDTs and 
strain gauges were continuously logged at periodic inter-
vals using a Kyowa UCAM-60A data logger. Figure 5 pres-
ents a schematic representation of the test setup and strain 
gauge configuration. A monotonic load control system was 
employed to impose axial load directly onto the specimen 
surfaces at a constant rate of 5 kN/s as adopted by Chang et 
al. (2024), with loading continued beyond the ultimate axial 
compressive strength point until final failure was observed 
or until reaching 20 mm displacement.

Results and discussion

Failure modes

Figure  6 depicts the post-failure conditions, where all 
specimens ultimately failed through combined outward 
steel tube local buckling and concrete core crushing. While 

parameters include Young’s modulus (E), yield strength (fy) 
and ultimate tensile strength (fu) of the tested material.

Concrete

In this study, ordinary concrete C40 was used for specimens 
in this test program. Table 3 details the concrete mix design. 
To determine the concrete compressive strength, three 
150 mm concrete cubes were cast and cured under identi-
cal environmental conditions as the square CFST short col-
umn specimens. Static compression tests were performed 
in accordance with the MS EN 12390- 3 (Department of 
Standards Malaysia, 2012) to determine the unconfined 
compressive strength of concrete. The average cube com-
pressive strength of concrete, fcu, was 43.89 MPa.

Test setup and procedure

Axial loading was applied using a 3000 kN UTEST UTC 
4730 compression machine equipped with a UTEST UTC 
4850 Advanced Servo Controlled system for closed-loop 

Table 2  Mechanical properties of steel
Specimen fy

(MPa)
fu

(MPa)
E
(GPa)

Steel Tube 365.75 394.63 195.54
SPR 360.74 506.21 203.93

Table 3  Concrete mix proportion
Nominal con-
crete strength

Water/
cement 
ratio

Mix proportions (to weight of cement)
Cement Coarse Fine Water

C40 0.42 1.00 2.06 1.11 0.42

Fig. 5  Test setup: a Photograph, b Schematic view, c cross-section of the CFST
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consistently initiating at the top region adjacent to the 
loading platen. This specific localization suggests that fail-
ure was driven by high stress concentrations at the platen 
interface, where lateral restraint is minimal. Conversely, 
for the reinforced groups (CFST-SS18 and CFST-DS18), 
the integration of SPR reinforced the steel tube walls. This 
effectively shifted the failure mode from premature end-
instability to a more controlled local buckling at the mid-
height, as illustrated in Fig. 6. Although the SPR succeeded 
in shifting the location of the instability, the overall failure 
morphology remained visually consistent across all groups. 
Aside from this positional shift, no other significant differ-
ences were observed in the local buckling patterns.

Post-failure inspection across all specimens further con-
firmed that damage was strictly localized to the concrete 
directly beneath these instability zones, while the adja-
cent intact sections sustained minimal damage, as shown 
in Fig. 7. Within the CFST-SS18 group, specimens CFST-
SS18-1 and CFST-SS18-3 exhibited consistent structural 
performance. However, specimen CFST-SS18-2 deviated 
from this trend. As illustrated by the concrete core condition 
in Fig. 7(b), its inferior performance stemmed from inad-
equate concrete compaction, which led to premature con-
crete core failure and steel tube local buckling despite the 
presence of SPR.

Axial load–displacement response

Figure  8 illustrates the experimental axial load–displace-
ment responses for all specimens under monotonic axial 
loading, highlighting the influence of SPR on structural 
response. The vertical axis corresponds to the axial load 
recorded during experimental testing, while the horizon-
tal axis reflects the axial displacement quantified using 
LVDTs, with displacement values calculated as the average 
of measured readings. All specimens demonstrated a ductile 
post-peak response, characterized by a gradual descend-
ing phase, which is indicative of a controlled and progres-
sive failure mechanism in their axial load–displacement 
responses. The data reveals that specimens incorporating 
SPR exhibit higher peak loads across the configurations, 
attributed primarily to the increase in cross-sectional area of 
the SPR. While specimens CFST-SS18-1 and CFST-SS18-3 
exhibited consistent behavior with peak loads of 649.6 kN 
and 700.6 kN respectively, specimen CFST-SS18-2 devi-
ated significantly from this trend. As shown in Fig.  8(b), 
this specimen exhibited a lower peak load (517.6 kN) and 
premature softening. Post-failure inspection confirmed that 
this discrepancy stemmed from inadequate concrete com-
paction, likely resulting from insufficient vibration during 
the casting process. This isolated fabrication defect led to 

local buckling occurred across all groups, the inclusion 
of SPR significantly altered the location and symmetry of 
the instability, indicating a shift in the failure mechanism. 
This behavior reflects the composite action where the steel 
tube limits lateral expansion and the concrete core prevents 
inward deformation, with maximum vertical displacement 
at peak load remaining below 4 mm for all specimens.

The unreinforced CFST-X specimens displayed instabil-
ity concentrated near the column ends, with local buckling 

Fig. 6  Failure mode mechanisms observed in tested square CFST 
short column specimens: a CFST-X-1, b CFST-X-2; (c) CFST-X-3; 
(d) CFST-SS18-1; (e) CFST-SS18-2; (f) CFST-SS18-3; (g) CFST-
DS18-1; (h) CFST-DS18-2; (i) CFST-DS18-3
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During this mechanical descending phase, all tested speci-
mens exhibited visible local buckling deformations, along-
side a pronounced steel-concrete interfacial interaction that 
significantly increased deformation rates. In this phase, 
unreinforced specimens (CFST-X) exhibit a more signifi-
cant decline in strength, retaining approximately 72% of 
their peak load at 10  mm displacement. By comparison, 
single SPR specimens (CFST-SS18) sustain around 74% 
of their peak load, while double SPR specimens (CFST-
DS18) maintain an average of 79% under the same dis-
placement. This disparity in post-peak performance stems 
from the enhanced confinement provided by the SPR. By 
increasing the effectively confined concrete area, the SPR 
enables the reinforced specimens to maintain greater post-
peak strength, whereas in the unreinforced specimens, local 
buckling compromises the lateral confining pressure on the 
concrete core due to the greater ineffectively confined con-
crete area shown in Fig. 1(a).

Axial load-strain response

Longitudinal strains (ϵa), which evolve in response to applied 
loads, provide critical insights into the yield thresholds of 
square CFST short columns. These axial deformations act as 
early indicators of structural softening, signaling the onset 
of material nonlinearity and potential collapse mechanisms. 
Conversely, lateral strains (ϵt) reflect the development of 
lateral stresses in steel components and quantify the con-
finement interaction between steel tubes and concrete core 
(Yan et al., 2019). By tracking lateral strain progression, it 
helps to pinpoint local buckling phenomena and assess the 
effectiveness of concrete confinement under incremental 

premature local buckling, explaining the variation observed 
in Fig. 8(b).

To exemplify these mechanical properties, Fig. 9 depicts 
the axial load–displacement curve of the CFST-DS18-2 
specimen, which highlights the structural performance of 
square CFST short columns with SPR under axial loading 
conditions. All specimens exhibit a linear rise in the elastic 
phase, where the applied axial load increases almost pro-
portionally with axial displacement until yielding initiates 
(0.6-−0.8Nu). Visual inspection during Phase I (as illus-
trated in Fig.  9) confirmed the absence of local buckling 
and a minimal steel-concrete interfacial interaction across 
all tested specimens, indicating the specimens’ linear-elastic 
behavior. Following the initial elastic phase, the columns 
transitioned to an elastic–plastic phase under increased 
loading, a behavior clearly captured in Phase II of Fig. 9. 
During this phase, the specimens exhibited early indications 
of local buckling, though the deformations remained subtle. 
In some specimens, no visible deformation was observed 
in this region, making it difficult to detect without close 
inspection. Concurrently, compressive stiffness of the speci-
mens progressively diminished as steel components transi-
tioned to elastic–plastic behavior, while concrete exhibited 
progressive crack propagation. This facilitated steel-con-
crete interfacial interaction, resulting in a gradual increase 
of the concrete core strength. Phase II concluded when 
structural stiffness diminished to near-zero levels (as indi-
cated by the tangential slope of the axial load–displacement 
curve), marking the onset of Phase III (Fig. 9). In this final 
stage, specimens exhibited post-peak degradation in axial 
compressive strength, commencing immediately after the 
specimen reached its ultimate axial compressive strength. 

Fig. 7  Post-failure concrete core condition after removal of the steel tube for: a CFST-X-1; b CFST-SS18-2; c CFST-SS18-3; d CFST-DS18-3
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significantly outpaced lateral strain measurements, a trend 
attributed to the direct application of compressive forces 
along the column axis. During this phase, the axial load-
strain curves exhibited a linear elastic trend, indicating the 
absence of local buckling in the steel tube. This behavior 
aligns with the proportional relationship observed in axial 
load–displacement curves. The transition to the elastic–
plastic region (Phase II) corresponds to a marked change 
in material behavior. The degradation of structural stiffness 
observed in the load–displacement curves is explained by 
the longitudinal strain in the steel tube approaching its yield 
point. Concurrently, a discernible increase in lateral strain 
initiates, signifying the onset of significant lateral expan-
sion. This expansion engages the steel tube, marking the 
beginning of the confinement mechanism. The effectiveness 
of this confinement varies significantly with the specimen 

loading (Du et al., 2016). Figure  10 illustrates the axial 
load-strain relationships for the tested specimens, charac-
terizing their behavioral response under applied loads. It is 
noteworthy that the strain gauge measurements are inher-
ently localized to their specific installation points and their 
readings may exhibit transient variations influenced if local 
buckling develops in the vicinity of the strain gauge mea-
surement site. The longitudinal and lateral strains were mea-
sured using strain gauges installed on the steel tube surfaces 
at mid-height, as shown in Fig. 5. The curve adopts a sign 
convention wherein longitudinal strains are taken as nega-
tive values, while lateral strains are designated as positive.

Under axial load, longitudinal strain exhibits a more 
rapid development and greater magnitude compared to lat-
eral strain, particularly during initial elastic phase (Phase I). 
As illustrated in Fig. 10, the longitudinal strain progression 

Fig. 8  Axial load versus axial 
displacement responses of the 
tested specimens
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the deformation capacity and overall ductility of the com-
posite column.

Effectiveness of steel plate reinforcement

To assess the influence of SPR on the structural performance 
of square CFST short column specimens, critical param-
eters such as initial elastic stiffness, ductility, ultimate axial 
compressive strength, strength index and energy absorption 
capacity were measured and determined. A detailed sum-
mary of the experimental findings is provided in Table 4.

Initial elastic stiffness

Steel demonstrates a nearly linear stress–strain relationship 
prior to reaching its elastic limit. In contrast, the formation 
of microcracks in concrete results in a decline in the secant 
modulus with rising stress levels (Neville, 1995). The modu-
lus of elasticity for concrete (Ec) is commonly characterized 
in practical applications as the secant value approximated 
between σ = 0 and 0.4fc, where fc denotes the compres-
sive strength of the concrete, according to MS EN 1992-1-
1:2010 (Department of Standards Malaysia, 2010). In CFST 
columns, the secant compressive stiffness diminishes under 
higher compressive loads due to concrete cracking. Studies 
by Huo et al. (2009) and Yang et al. (2013) define compres-
sive stiffness as the secant value at 40% of the ultimate axial 

configuration. Unreinforced CFST-X specimens exhibit a 
more rapid increase in lateral strain, indicating an earlier 
onset of inelastic deformation and less effective restraint 
against concrete expansion. As the concrete core crushes in 
the descending branch (Phase III), it undergoes significant 
lateral dilation, leading to a rapid and substantial increase 
in lateral strain in the steel tube. This reflects the steel tube 
actively resisting the core’s expansion, thereby providing 
the confinement that enables the column to maintain sig-
nificant residual strength and exhibit a controlled, ductile 
failure.

The strain response varied significantly across specimen 
configurations. In general, CFST-DS18 specimens exhibited 
greater delayed lateral strain initiation, compared to CFST-
X and CFST-SS18. This delay stems from the double SPR 
redistributing lateral stresses more effectively, postpon-
ing concrete expansion. In CFST-X specimens, the lack of 
SPR resulted in unreinforced steel tubes, triggering earlier 
local buckling during the elastic–plastic phase. Axial load-
strain curves for unreinforced specimens displayed abrupt 
post-peak degradation, attributed to inadequate lateral con-
finement and early local buckling of the steel tube, which 
compromised stress transfer to the concrete core. In con-
trast, the sustained and stable progression of lateral strain in 
the SPR-strengthened specimens, particularly CFST-DS18, 
confirms an enhanced confinement effect that improves both 

Fig. 9  Common axial load versus axial displacement response of specimen CFST-DS18-2
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Fig. 10  Axial load versus strain responses of the tested specimens
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where Kini,SP R and Kini,0 denote the initial elastic stiff-
ness of square CFST short columns incorporating SPR and 
their unreinforced counterparts, respectively.

The incorporation of SPR consistently enhanced average 
initial elastic stiffness (Kini,ave), with the single SPR speci-
men (CFST-SS18) and double SPR specimen (CFST-DS18) 
exhibiting greater stiffness improvements relative to the 
unreinforced specimen (CFST-X), as shown in Fig. 11. The 
average initial elastic stiffness enhancement index of speci-
mens CFST-SS18 and CFST-DS18 increased by 63% and 
36%, respectively, compared to specimen CFST-X. These 
results indicate that SPR inclusion fundamentally modi-
fies the initial load transfer mechanism between the steel 
tube and concrete core. Unreinforced specimens (CFST-X) 
develop stress concentrations near the top region, reduc-
ing initial elastic stiffness. Conversely, the incorporation 
of SPR significantly modifies the composite action dur-
ing the elastic phase. While a full confinement is typically 
delayed until the later stages, the embedded SPR instanta-
neously increases the overall effectively confined concrete 
area, contributing directly to the section’s axial stiffness. 
Furthermore, the SPR augments the structural integrity of 
the steel tube walls and improves the restraint of the lateral 
expansion of the concrete core. This delay is implicitly sup-
ported by the delayed initiation of significant lateral strains 
observed in Fig. 10, suggesting a postponement of concrete 
microcracking relative to the unreinforced (CFST-X) speci-
mens. Interestingly, the single SPR specimen (CFST-SS18) 
demonstrated higher average initial elastic stiffness than the 
double SPR specimen (CFST-DS18), suggesting a non-lin-
ear relationship with reinforcement quantity. This outcome 
is likely linked to constructability challenges associated 
with the denser double SPR arrangement within the small 
100  mm × 100  mm cross-section. The restricted internal 
space in CFST-DS18 impeded the flow of fresh concrete, 
hindering adequate consolidation and vibration. This likely 

strength. Accordingly, the initial elastic stiffness (Kini) of 
the square CFST short column is defined by the following 
equation, as adopted by Ayough et al. (2022).

Kini = 0.4Nu

∆0.4
� (1)

where Nu represents the ultimate axial compressive strength 
and ∆0.4 represents the axial displacement at 0.4Nu during 
the pre-peak stage of the curve.

The enhancement of initial elastic stiffness was quanti-
fied using the stiffness enhancement index (ηKini ). This 
index was computed via the following equation:

ηKini
= Kini,SP R

Kini,0
� (2)

Table 4  Summary of experimental test results
Specimen θ Ductility Ultimate axial strength Energy absorption capacity

DI DEI Nu (kN) SI UEI EApre (J) EApost (J) EAt (J)

CFST-X-1 0.84 2.92 1.00 574.0 0.928 1.00 1369.5 6767.2 8136.7
CFST-X-2 0.84 2.67 539.2 0.872 1102.8 7266.4 8369.3
CFST-X-3 0.84 2.21 580.4 0.939 730.6 7832.3 8562.9
CFST-SS18-1 1.01 3.64 1.39 649.6 0.977 1.20 1343.6 8974.9 10318.5
CFST-SS18-2 1.01 -1 517.6 -1 -1 -1 -1

CFST-SS18-3 1.01 3.58 700.6 1.053 1298.1 9106.8 10404.9
CFST-DS18-1 1.19 4.15 1.37 691.8 0.972 1.25 1781.1 9792.1 11573.2
CFST-DS18-2 1.19 2.99 722.1 1.015 1702.0 9691.1 11393.1
CFST-DS18-3 1.19 3.56 701.7 0.986 1311.7 9882.2 11193.9
θ Confinement Ratio, DI Ductility Index, DEI Ductility Enhancement Index, Nu Ultimate Axial Compressive Strength, SI Strength Index, UEI 
Ultimate Axial Compressive Strength Enhancement Index, EApre Pre-peak Energy Absorption, EApost Post-peak Energy Absorption, EAt 
Total Energy Absorption
1 Result is not included because of poor concrete compaction

Fig. 11  Effect of SPR on the initial elastic stiffness of specimens
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The confinement ratio, denoted as θ, is a key parameter 
for quantifying the confinement effect in CFST members. It 
is formally defined as the ratio of the axial load contribution 
of the steel tube to that of the concrete core as follows (Zhu 
et al., 2023)

θ = Aafy,st + Asfy,SP R

Acf ′
c

� (5)

where Aa, Ac, and As denote the cross-sectional area of the 
steel tube, the area of the infilled concrete and the area of 
the SPR, respectively. Similarly, fy,st represents the yield 
strength of the steel tube and fy,SP R signifies the yield 
strength of the SPR. The characteristic cylinder compres-
sive strength (f ′

c) is derived using Equation 6, as proposed 
in Mirza and Lacroix (2004).

f ′
c = fcu[0.76 + 0.2 log10

(
fcu

19.6

)
]� (6)

where fcu is the average cube compressive strength of con-
crete stated in Section 2.2.2.

Table 4 provides a summary of the DI and DEI values for 
all specimens. The average ductility index (DIave) and DEI 
are plotted in Fig. 13. As illustrated in Fig. 13, specimens 
incorporating SPR exhibited significantly higher ductility 
index compared to unreinforced specimens. This improve-
ment is attributed to the SPR’s role in providing lateral 
restraint to the concrete, thereby enhancing the steel-con-
crete interfacial interaction. Furthermore, Fig. 14(a) reveals 

reduced the bonding efficiency at the steel-concrete inter-
face, resulting in a marginal reduction of the elastic compos-
ite stiffness despite the increased steel area. This suggests 
that increasing the SPR quantity does not necessarily lead to 
an improvement in the initial elastic stiffness.

Ductility

In order to measure the effect of SPR on section ductility, 
this study employs the ductility index (DI), a widely rec-
ognized metric extensively documented in prior research 
(Abdullah et al., 2018; Huang et al., 2020; Yu et al., 2024). 
DI is mathematically defined as follows:

DI = ∆u

∆y
� (3)

In this equation, ∆u represents the displacement corre-
sponding to a load reduction to 85% of the peak value dur-
ing the post-peak phase of the load–displacement curve. 
Meanwhile, ∆y  is determined using the secant stiffness 
method, which connects the origin to a point at 75% of the 
peak load magnitude, as detailed in prior studies (Ling et 
al., 2023; Park, 1988) and illustrated in Fig. 12. ∆u and ∆y  
can be determined from the axial load–displacement curves 
shown in Fig. 8.

To assess the ductility enhancement achieved through 
SPR, the ductility enhancement index (DEI) was utilized. 
This metric represents the ductility ratio of reinforced speci-
mens to equivalent unreinforced specimens, given by:

DEI = DISP R

DI0
� (4)

where DISP R corresponds to the ductility index of speci-
men with SPR, whereas DI0 denotes the ductility index of 
unreinforced specimen.

Fig. 13  Effect of SPR on the ductility of specimens

 

Fig. 12  Definition of ductility index (Zhao et al., 2022)
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UEI = Nu,SP R

Nu,0
� (7)

where Nu,SP R and Nu,0 denote the ultimate axial compres-
sive strength of square CFST short columns with SPR and 
unreinforced specimens, respectively.

Table 4 presents the ultimate axial compressive strength 
(Nu) and the ultimate axial compressive strength enhance-
ment index (UEI) for specimens with and without SPR. 
Figure  15 further visualizes the average ultimate axial 
compressive strength (Nu,ave) measurements across tested 
groups. The results indicate that specimens with SPR 
exhibit markedly higher ultimate axial compressive strength 
values than unreinforced specimens, as evidenced by both 

a clear positive correlation between the confinement ratio 
(θ) and the ductility index (DI), confirming that increased 
in SPR generally leads to a more ductile structural response. 
While both reinforced configurations showed marked 
improvements, DIave for the double SPR specimens 
(CFST-DS18) was marginally lower than that of the single 
SPR specimens (CFST-SS18), with respective increases of 
37% and 39% over the control group. The marginally lower 
DI observed in the double SPR specimens compared to the 
single SPR specimens can be attributed to differences in 
confinement effectiveness in square CFST sections. While 
the double SPR configuration further reduces the ineffec-
tive confinement zones and enhances axial strength, it 
subdivides the flat steel tube walls into shorter and stiffer 
restrained segments. This increased restraint limits of the 
steel tube walls and promotes localized strain concentration 
near the SPR concrete interfaces. In short square CFST col-
umns, such localized restraint may lead to earlier concrete 
cracking, reducing the extent of progressive deformation 
after peak load. In contrast, the single SPR configuration 
allows greater deformation of the steel tube walls, facilitat-
ing a more gradual redistribution of stresses and progressive 
damage development in the concrete core. Consequently, 
despite providing stronger confinement and higher strength, 
the double SPR configuration exhibits a marginally lower 
deformation ductility, indicating the presence of an opti-
mal SPR configuration for ductility enhancement in square 
CFST short columns.

Ultimate axial compressive strength

This section examines the influence of SPR on the ultimate 
axial compressive strength (Nu) of square CFST short col-
umn specimens. The strength enhancement due to SPR is 
quantified using the ultimate axial strength enhancement 
index (UEI), defined as:

Fig. 15  Effect of SPR on the ultimate axial compressive strength of 
specimens

 

Fig. 14  Effects of confinement 
ratio on ductility and strength of 
specimen
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composite interactions. This finding is further supported 
by Fig. 14(b), which illustrates a clear positive correlation 
between the confinement ratio (θ) and the strength index 
(SI). This improvement highlights the synergistic interac-
tion between the steel tube and concrete core, facilitated by 
the integration of SPR. These findings also suggest that the 
confinement effect exerted by the steel tube on specimen 
CFST-X was comparatively weaker than in other speci-
mens. Notably, the SI value for specimen CFST-SS18-2 was 
excluded from SIave of the CFST-SS18 group due to insuf-
ficient compaction of the concrete infill during fabrication. 
In contrast, SIave indicates that SPR effectively delays local 
buckling in the steel tube, thereby amplifying confinement 
effects.

Energy absorption

The energy absorption capacity of square CFST columns is 
quantified by integrating the axial load displacement curve. 
While commonly employed as a key indicator in seismic 
performance assessment, under monotonic axial loading 
this metric is used as a complementary indicator of axial 
toughness and post-peak deformation capacity, reflect-
ing the specimen’s ability to sustain load and deformation 
beyond peak strength. Pre-peak energy absorption (EApre) 
equals the area beneath the curve until attaining ultimate 
axial strength (Nu), while post-peak energy absorption 
(EApost) corresponds to the area from peak load to 20 mm 
displacement. The total energy absorption (EAt) represents 
the summation of EApre and EApost. These calculated val-
ues for all tested specimens are detailed in Table 4. The cor-
responding average values are illustrated in Fig. 16.

Among the tested specimens, CFST-X displays notably 
lower total energy absorption, reflecting restricted energy 
absorption capacity. These findings highlight the substan-
tial improvement in energy absorption achieved through 
SPR. The reinforced configurations, CFST-SS18 and CFST-
DS18, showed enhanced performance with average pre-
peak energy absorption (EApre,ave) increasing by 24% to 
50%, post-peak energy absorption (EApost,ave) by 24% 
to 34% and total energy absorption (EAt,ave) by 24% to 
36% relative to the unreinforced specimens. From a rela-
tive perspective, the energy absorption capacity in the pre-
peak stage exhibits considerable sensitivity to the presence 
of SPR. However, in terms of absolute energy contribution, 
the enhancement is substantially more pronounced during 
the post-peak phase. The incorporation of a double SPR 
configuration contributed approximately 2500 Joules to 
the post-peak energy capacity. This value contrasts mark-
edly with a contribution of only 531 Joules observed in the 
pre-peak stage. The observed enhancement suggests that 
incorporating SPR significantly enhances not only the axial 

tabulated data and graphical trends. The average enhance-
ment observed was approximately 22%. These enhance-
ments are attributed to the addition of SPR, a reinforcement 
mechanism that restrains the lateral expansion of the con-
crete core. Moreover, stresses within the ineffectively con-
fined concrete area are redistributed, enabling the column 
to sustain a greater load. This restraint of lateral expansion, 
combined with the reduced ineffectively confined area, sup-
presses concrete crushing and consequently delays local 
buckling of the steel tube. Figure  15 demonstrates that 
Nu,ave rises proportionally with the SPR configuration. Rel-
ative to CFST-X, specimens CFST-SS18 and CFST-DS18 
exhibited ultimate axial compressive strength increases of 
20% and 25%, respectively. It is observed that while dou-
bling the reinforcement (DS18) provided the highest overall 
strength, the incremental increase over the single reinforce-
ment (SS18) was approximately 5%. This suggests a point 
of diminishing returns where the theoretical strength gain 
from additional SPR area is partially offset by the increased 
congestion within the steel tube. As noted in Section 3.4.1, 
the denser arrangement of the double SPR restricts concrete 
flow and consolidation, preventing the composite section 
from fully capitalizing on the additional steel confinement.

Strength index

The steel tube restricts lateral expansion of the concrete 
core, thereby enhancing axial compressive strength. Incor-
porating SPR delays the initiation and propagation of local 
buckling in the steel tubes, which strengthens composite 
behavior. To quantify the confining effect of steel tubes on 
the concrete core, the strength index (SI) is commonly used 
(Tao et al., 2008; Wang et al., 2022). This parameter is a 
dimensionless quantity that is defined as follows:

SI = Nu

Aafy,st + Acf ′
c + Asfy,SP R

� (8)

The denominator in Equation  8 corresponds to the cross-
sectional capacity of the composite cross-section. The char-
acteristic cylinder compressive strength (f ′

c) is calculated 
using Equation 6.

Table  4 details the calculated SI values for all speci-
mens. The results indicate SI values ranging from 0.872 to 
1.053, suggesting effective composite interactions among 
the specimens. These interactions enhance load transfer 
mechanisms, strengthening the column’s ultimate axial 
compressive strength. The CFST-X specimen without 
SPR exhibited average strength index SIave lower than 
unity, the lowest value among all tested configurations. 
As evidenced in Table  4, incorporating SPR significantly 
increased SIave values, confirming its role in amplifying 
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compressive load capacity equation for square CFST col-
umn based on EN 1994-1-1, denoted as NEC4, accounts for 
combined contributions from steel, concrete and reinforce-
ment as follows:

NEC4 = Aafy,st + Acf ′
c + Asfy,SP R� (9)

Equation  9 applies to square CFST sections complying 
with the slenderness limit outlined in the standard. When 
this limit is surpassed, local buckling of the steel tube can 
develop its yield strength. Consequently, when the sec-
tion slenderness (λ = H/t) exceeds the limit value of 
52

√
235/fy,st, the effective width method stipulated in EN 

1993-1-5 (European Committee for Standardization, 2006) 
must be employed. This method calculates the reduction 
factor ρ using the following expression:

ρ = (1 − 0.22/λ̄p)/λ̄p� (10)

where λ̄p denotes the steel slenderness, defined as 
λ̄p =

√
fy,st/fcr. Here, fcr represents the critical elastic 

buckling stress of the steel tube. This stress is determined 
from steel buckling theory using the following expression:

fcr = k
π2Es

12(1 − ν2)(H/t)2 � (11)

where Es is the Young’s modulus of the steel tube, ν is 
Poisson’s ratio of the steel tube and k is the steel buckling 
coefficient, typically assigned a value of 4. The reduction 
factor ρ is subsequently used to compute the effective area 
of the square steel tube. Previous studies on square and cir-
cular section CFST columns, as well as double skin tubular 
short columns, have employed similar strength reduction 
approach (Li et al., 2025; Su et al., 2020; Wang et al., 2019).

compressive strength of the columns themselves but also 
their post-peak deformation performance. This improved 
energy absorption is linked to the confinement effect 
induced by SPR, which delays structural failure and facili-
tates greater deformation in the specimens.

Design recommendations

General

Current design codes primarily cover axially loaded CFST 
with conventional cross-sections, including circular, rect-
angular and square configurations. The square CFST short 
columns investigated in this study feature internal SPR, dis-
tinguishing them from standard sections. This study assesses 
axial compressive load capacity specified in EN 1994-1-1 
(European Committee for Standardization, 2004), ANSI/
AISC 360-22 (American Institute of Steel Construction, 
2022), GB 50936-2014 (Ministry of Housing and Urban-
Rural Development of the People’s Republic of China, 
2014) and AIJ (Architectural Institute of Japan, 1997) for 
square CFST short columns with SPR. New design equa-
tions derived from experimental results address limitations 
in existing design codes.

EN 1994-1-1

EN 1994-1-1 (European Committee for Standardization, 
2004) establishes design methodologies for structural ele-
ments combining steel and concrete, such as composite 
columns. This standard governs structural steel grades from 
S235 to S460 and normal weight concrete within strength 
classes C20/25 to C50/60. For rectangular or square CFST 
sections, a concrete coefficient of 1.0 applies. The axial 

Fig. 16  Effect of SPR on the 
energy absorption capacities of 
specimen
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relationship between fck and fcu is specified in GB 50936-
2014 as follows:

fck = 0.88α1α2fcu� (15)

The factor α1 represents the reduction accounting for differ-
ences in concrete strength between standardized test speci-
mens and actual structural elements. For the concrete grade 
lower than C50, α1 is taken as 0.76. Meanwhile, α2 denotes 
the reduction factor addressing concrete brittleness effects. 
This factor adopts values of 1.0 for concrete grade lower 
than C40 concrete.

The term ξ in Equation  14 denotes the confining fac-
tor. This parameter can be calculated using the following 
equation:

ξ = Aafy,st

Acfck
� (16)

Parameters B and C in Equation 14 account for confinement 
effects that vary with cross-sectional geometry. For square 
CFST sections, these parameters are determined as follows:

B = 0.131fy,st

213
+ 0.723� (17)

C = −0.070fck

14.4
+ 0.026� (18)

When section slenderness exceeds the prescribed limit 
of 60

√
235/fy,st, GB 50936-2014 does not provide any 

design equations. Consequently, this study applies the iden-
tical effective width methodology specified in EN 1994-1-1 
(Section 4.2) to compute the steel tube’s effective cross-
sectional area. This calculated effective area substitutes the 
original steel area, As in Equation 14, thereby modifying 
the CFST axial compressive load capacity.

AIJ

The axial compressive load capacity provided by AIJ 
(Architectural Institute of Japan, 1997) for the resistance 
of the square CFST short columns with SPR is given as 
Equation 19 as below. AIJ specifies concrete strengths rang-
ing from 18  MPa to 90  MPa and steel strengths between 
235 MPa and 440 MPa.

NAIJ = Aafy,st + 0.85Acf ′
c + Asfy,SP R� (19)

While similar to the EN 1994-1-1 axial compressive load 
capacity formulation, Equation  19 incorporates a distinct 

ANSI/AISC 360-22

According to ANSI/AISC 360-22 (American Institute of 
Steel Construction, 2022), the design code is applicable 
to structural steel with yield strengths up to 690 MPa and 
concrete with cylindrical compressive strengths ranging 
between 21  MPa and 100  MPa. This standard classifies 
CFST column cross-sections into compact, non-compact 
or slender types based on the slenderness ratio of the steel 
tube (λ = H/t). All specimens examined in this study meet 
the requirements for compact sections as defined by this 
classification.

Compact sections are defined by a slenderness ratio 
λ ≤ λp = 2.26

√
Es/fy,st for square section,

NANSI = Np = Aafy,st + 0.85f ′
c

(
Ac + As

Es

Ec,ANSI

)
� (12)

where λp denotes the slenderness ratio limit demarcating 
compact and noncompact sections and Np represents the 
compressive strength of compact sections. Ec,ANSI  is the 
corresponding elastic modulus of concrete, calculated as 
follows:

Ec,ANSI = 0.043w1.5
c

√
f ′

c� (13)

where wc represents the weight of concrete per unit volume, 
conventionally ranging from 1500 to 2500 kg/m3.

GB 50936-2014

GB 50936-2014 (Ministry of Housing and Urban-Rural 
Development of the People’s Republic of China, 2014) 
outlines design equations for CFST columns with vari-
ous cross-sectional geometries. This standard covers 
structural steel grades from Q235 (fy = 235  MPa) to 
Q420 (fy = 420  MPa) and concrete grades from C30 
(fck = 20.1  MPa) to C80 (fck = 50.2  MPa). For square 
CFST sections, the standard imposes a cross-sectional slen-
derness limit of H/t ≤ 60

√
235/fy,st to prevent the effect 

of local buckling. The axial compressive load capacity 
equation, denoted as NGB , is determined according to the 
following equation:

NGB = (1.212 + Bξ + Cξ2)(As + Ac)fck + Asfsk� (14)

In this context, fck denotes the characteris-
tic compressive strength of concrete. This prop-
erty is determined from prism specimens measuring 
150 mm × 150 mm × 300 mm. The value of fck may be 
derived from the compressive cube strength (fcu) which is 
obtained from 150 mm × 150 mm × 150 mm cubes. The 
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axial compressive load capacity. This tendency may pres-
ent safety implications in design practice. The AIJ method 
achieves a mean ratio of 1.045, SD of 0.056 and CoV of 
0.053, demonstrating balanced performance with modest 
conservatism and consistent accuracy.

Generally, the abovementioned design codes provide 
reasonable predictions of axial compressive load capacity 
for square CFST short column with SPR. However, EN 
1994-1-1 demonstrates greater conservatism, whereas GB 
50936-2014 tended to overestimate the axial compressive 
load capacity, indicating a non-conservative approach. This 
disparity is attributed to requirement for a reduction factor 
when the section slenderness surpasses its prescribed limit, 
which occurred for the specimens in this study. This adjust-
ment for potential local buckling results in a further decrease 
in predicted axial compressive load capacity, rendering EN 
1994-1-1 particularly conservative whereas GB 50936-
2014 non-conservative under these conditions. To enhance 
the accuracy of axial compressive load capacity predictions, 
new design equations have been proposed by more account-
ing for the steel concrete interaction and the confinement 
effect provided by the SPR within the steel tube.

Proposed predictive equation

This research proposes new design equations for square 
CFST short columns incorporating internal SPR. A fun-
damental principle in CFST column design involves the 
steel tube-concrete core interaction. During initial elastic 
response under axial loading, interfacial contact remains 
limited due to steel’s higher Poisson ratio compared to con-
crete. As loading intensifies and concrete develops lateral 
expansion through cracking, interaction initiates between 
the concrete core and steel tube. This engagement prompts 
the steel tube to develop lateral confinement, inducing a 

0.85 reduction coefficient for concrete and a higher H/t limit 
of 72

√
235/fy .

Assessment of existing design codes

Sections  4.2–4.5 present the design equations from EN 
1994-1-1, ANSI/AISC 360-22, GB 50936-2014 and AIJ, 
which are evaluated against the experimental results. All 
four existing design codes require evaluating the steel tube 
for potential local buckling before yielding, typically based 
on its slenderness limits. The slenderness limits in ANSI/
AISC 360-22 and AIJ were not exceeded in this study, 
allowing direct application of their respective design equa-
tions without reduction factors. However, the EN 1994-1-1 
and GB 50936-2014 slenderness limit was exceeded, requir-
ing a reduction factor to address potential steel tube local 
buckling. Local buckling evaluation is not required for the 
internal SPR, as it remains fully restrained by the surround-
ing concrete, preventing instability.

Table 5 compares the experimentally obtained ultimate 
axial compressive strength (Nu) with predictions from 
existing design codes for square CFST short columns with 
SPR. The performance of Nu is evaluated against each 
design code using statistical parameters such as mean, stan-
dard deviation (SD) and coefficient of variation (CoV). EN 
1994-1-1 yields a mean Nu/NEC4 value of 1.104, with an 
SD of 0.057 and a CoV of 0.052. This reflects a consistent 
conservative trend, where the experimentally measured 
strengths exceed the predicted capacities. The ANSI/AISC 
360-22 code shows a similar trend with a mean ratio of 
1.086, SD of 0.084 and a CoV of 0.077, indicating a greater 
variability and lower precision in its predictions compared 
to EN 1994-1-1. Conversely, GB 50936-2014 produces a 
mean ratio of 0.936 (SD = 0.054, CoV = 0.058), suggest-
ing slight non-conservatism where the code overestimates 

Table 5  Comparison between the experimental results and existing design methods
Specimen Nu

(kN)
EN 1994-1-1 ANSI/AISC 360-22 GB 50936-2014 AIJ Proposed Approach

NEC4

(kN)
Nu/NEC4 NANSI

(kN)
Nu/NANSINGB

(kN)
Nu/NGB NAIJ

(kN)
Nu/NAIJ Nprop

(kN)
Nu/Nprop

CFST-X-1 574.0 536.3 1.070 568.2 1.010 640.4 0.896 568.2 1.010 602.7 0.952
CFST-X-2 539.2 536.3 1.005 568.2 0.949 640.4 0.842 568.2 0.949 602.7 0.895
CFST-X-3 580.4 536.3 1.082 568.2 1.021 640.4 0.906 568.2 1.021 602.7 0.963
CFST-SS18-1 649.6 583.0 1.114 592.5 1.096 687.7 0.945 615.7 1.055 659.5 0.985
CFST-SS18-2 517.6 583.0 -1 592.5 -1 687.7 -1 615.7 -1 659.5 -1

CFST-SS18-3 700.6 583.0 1.202 592.5 1.182 687.7 1.019 615.7 1.138 659.5 1.062
CFST-DS18-1 691.8 629.7 1.099 616.8 1.122 734.9 0.941 663.2 1.043 713.0 0.970
CFST-DS18-2 722.1 629.7 1.147 616.8 1.171 734.9 0.983 663.2 1.089 713.0 1.013
CFST-DS18-3 701.7 629.7 1.114 616.8 1.138 734.9 0.955 663.2 1.058 713.0 0.984
Mean - - 1.104 - 1.086 - 0.936 - 1.045 - 0.978
SD - - 0.057 - 0.084 - 0.054 - 0.056 - 0.048
CoV - - 0.052 - 0.077 - 0.058 - 0.053 - 0.049
1Result is not included because of poor concrete compaction
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where n denotes the number of ineffectively confined con-
crete core zones. The boundaries separating effectively 
confined and ineffectively confined areas are demarcated 
by second-order parabolic curves. These curves initiate 
and terminate at 45-degree angles, as illustrated in Fig. 17. 
Within the defined coordinate system, the second-order par-
abolic curve on the right side of the origin is expressed as 
y = −(x2/wi) + wi/4. The area corresponding to a single 
curve and the steel tube boundaries is w2

i /6.
The confining effect provided by the SPR on the steel 

tube can be expressed as an equivalent force. Based on 
force equilibrium at the steel-concrete interface, illustrated 
in Fig. 18, the horizontal force equilibrium is expressed by 
the following equation.

2σyht +
nSP R∑
i=1

σshtSP R = f ′
l (B − 2t)� (25)

where σyh and σsh represent the horizontal stresses in the 
steel tube and the SPR, respectively. The term nSP R repre-
sents the number of SPR on each side of the steel tube wall.

Experimental results demonstrate that all specimens 
incorporating SPR failed in post-local buckling mode. 
The steel yielded as these columns attained their ultimate 
strength, satisfying the Von Mises criterion expressed by:

σ2
yh − σyhσyv + σ2

yv = f2
y,st � (26)

σ2
sh − σshσsv + σ2

sv = f2
y,SP R � (27)

As established by Sakino et al. (2004), σsh and σsv  are 
expressed as follows:

σsh = 0.19fy,SP R � (28)

triaxial compression state in the concrete. The axial com-
pressive load capacity proposed for these square CFST short 
columns with SPR is determined by the following equation:

Nprop = Aaσyv + Acfcc + Asσsv � (20)

where σyv  and σsv  represent the longitudinal stresses in the 
steel tube and the SPR, respectively. The term fcc denotes 
the modified confined compressive strength of the infilled 
concrete core. This parameter is calculated according to 
the method proposed by Cusson and Paultre (1994), but the 
form shown in Equation 21 is taken from Thomas and Sand-
eep (2020).

fcc = f ′
c + kef ′

l � (21)

where f ′
l  signifies the confining pressure applied by the steel 

tube to the core concrete, determined using Equation  25. 
The term f ′

c represents the characteristic cylinder compres-
sive strength of the concrete obtained from Equation 6 pre-
sented in this study. According to Mander et al. (1988) and 
Shen et al. (2022), the confinement effectiveness coefficient 
is represented by ke. The cross-sectional areas of the effec-
tively confined and ineffectively confined concrete core are 
designated as Ace and Acv , respectively. These parameters 
are defined in equations 22–24.

ke = Ace

Ac
� (22)

Ace = Ac − Acv � (23)

Acv =
n∑

i=1

w2
i

6 � (24)

Fig. 17  Confinement region distribution patterns for specimens: a Unreinforced, b Single SPR, c Double SPR
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Table 5 compares predictions from the proposed equations 
with experimental results. The Nu/Nprop ratio demon-
strates close agreement, yielding a mean of 0.978, SD of 
0.048 and CoV of 0.049. The findings confirm that the pro-
posed equations provide improved predictions of axial com-
pressive load capacity of square CFST short columns with 
SPR compared to current design codes. The proposed equa-
tions were derived and validated using experimental results 
from this study, which cover a defined parameter range. A 
complementary numerical study examining confinement 
mechanisms and internal stress distributions is currently in 
progress.

Conclusion

This study presented an experimental investigation into the 
axial compressive behavior of square CFST short columns 
internally reinforced with Steel Plate Reinforcement (SPR). 
Based on the results and analysis, the following conclusions 
are drawn: 

1.	 The integration of SPR effectively delayed the onset of 
local buckling and shifted the failure location from the 
column ends to the mid-height region. This shift indi-
cates a more uniform stress distribution and enhanced 
confinement of the concrete core. While all specimens 
failed through steel tube local buckling and concrete 
crushing, specimens with SPR demonstrated signifi-
cantly improved post-peak stability compared to unre-
inforced counterparts.

2.	 The inclusion of SPR consistently enhanced the fun-
damental mechanical properties of the columns. 
Compared to unreinforced specimens, the SPR configu-
rations increased initial elastic stiffness by up to 63%, 
ductility by up to 39%, ultimate axial strength by up to 
25% and total energy absorption by up to 36%. Notably, 
while the double SPR configuration (CFST-DS18) pro-
vided the highest strength and energy absorption, the 
single SPR configuration (CFST-SS18) yielded slightly 

σsv = 0.89fy,SP R � (29)

Current design codes including EN 1994-1-1 and GB 
50936-2014 specify conservatively restricted slenderness 
limits. Chen et al. (2021) demonstrate through experi-
mental validation that these limits can be safely increased 
to 68

√
235/fy , without compromising structural perfor-

mance. By integrating this limit with experimental data, it 
can be used to evaluate the effective strengthening effect of 
the SPR on the steel tube. Consequently, the horizontal and 
longitudinal stresses (σyh and σyv) in the steel tube can be 
calculated.

When B
tSP R

> 68
√

235/fy,SP R, local buckling of the 
steel tube prior to attaining ultimate strength becomes a sig-
nificant consideration. Ge and Usami (1992) established the 
following relationship to address this behavior:

R = B

t

√
12(1 − ν2

SP R)
4π2

√
fy,st

Es

� (30)

where R and νSP R denotes the width-to-thickness ratio 
parameter and Poisson’s ratio of the SPR, respectively.

Based on the Von Mises criterion, Cai and He (2006) 
derived expressions for σyv  and σyh as follows:

σyv =
(

1.2
R

− 0.3
R2

)
fy,st � (31)

σyh =
(

σyv −
√

4f2
y,st − 3σ2

yv

)
/2 � (32)

When B
tSP R

≤ 68
√

235/fy,SP R, local buckling of the steel 
tube prior to reaching ultimate strength may be disregarded. 
Hence, σyh and σyv  can be defined as:

σyh = 0.19fy,st � (33)

σyv = 0.89fy,st � (34)

Fig. 18  Lateral confinement of concrete core: a Unreinforced, b Single SPR, c Double SPR
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superior ductility, indicating an optimal reinforcement 
density for deformation capacity.

3.	 An assessment of existing design codes revealed that EN 
1994-1-1, ANSI/AISC 360-22 and AIJ provides conser-
vative predictions, whereas GB 50936-2014 tends to be 
non-conservative for these specific sections. To address 
this, a new design equation accounting for the SPR 
confinement effect was proposed. The proposed equa-
tion demonstrates strong agreement with experimental 
results (mean Nu/Nprop of 0.978 and CoV of 0.049), 
offering a reliable prediction method for square CFST 
columns with SPR.
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