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Abstract 

The composite concrete-encased steel (CCES) column member is made by the steel section embedded and cov-
ered in concrete from all sides. Due to the ability of the composite sections to bear heavy loads while using smaller 
sections, CCES columns have been widely used. Analytical studies on the CCES columns’ behavior using crushed 
dolomite coarse aggregate (CDCA) with different shear connectors (SCs) types/shapes and sizes under axial loads 
are described here. This study also aims to evaluate the current design methods to determine the ultimate capac-
ity of the CCES with CDCA concrete columns using nine available codes. The results show that the finite element 
(FE) analysis could accurately predict the ultimate capacity of the CCES columns; the column’s capacity improved 
by about 41.75% as fcu increased by 60%. Increasing the IPE-shaped steel strength (fss) strategy is not very effective 
and gives brittle behavior even though enhancing the fss improves the capacity. The column’s capacity increased 
as the tie stirrups and steel bars ratios increased. The column’s capacity increased by about 17.63%, as steel bars 
ratios increased by 155.49%. The efficiency factors increased slightly as tie stirrups were raised but slightly decreased 
as steel bar ratios increased. Using the SCs system increases the columns’ capacity by an average value of about 4.9% 
of the specimen without SCs. The computed capacities using the nine available codes are conservative and safe. The 
closest estimates made by the YB9082-06 code are 26% less on average than the test results; in contrast, the safest 
predictions made by the ECP-LRFD code are 68% less, on average, than test results.
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Graphical Abstract

1 Introduction
The composite columns can be divided into two main 
types, which are composite concrete-filled steel tube 
(CFST) columns (Zhang et  al., 2023) and compos-
ite concrete-encased steel (CCES) columns (Mostafa 
et  al., 2019). The CCES column consists of a steel sec-
tion embedded in reinforced concrete (RC); it is a widely 
used column due to its numerous advantages, including 
higher strength, ductility, and fire protection for the steel 
section; it also gives a smaller cross-section than the con-
ventional column and reduces the amount of used con-
crete, thus improving the environment by reducing the 
harmful emissions from concrete production (Hui et al., 
2020; Mostafa et al., 2019, 2022a). The design codes have 
different design methods for designing the CCES col-
umns, which treat the composite column as a steel col-
umn strengthened with concrete or as an RC column 
maintained by special reinforcement. Besides, the capac-
ity of the CCES columns is evaluated as the sum of the 
strengths of both components, concrete and steel rein-
forcements. The differences in the capacity predicted by 
existing codes are attributed to the differences in the phi-
losophy of design, such as compatibility and strain. The 
discrepancy is due to the changes in allowable material 

properties, dimensions limits, and factors of safety (Soli-
man et al., 2013).

The confinement by increasing the ties number is a 
strengthening technique to improve the column’s behav-
ior. Shear connectors (SCs), made by welding studs or 
reinforcing bars to the encased steel section, can trans-
fer the shear between the steel and concrete surfaces. The 
effects and use of SCs have been widely studied by many 
scholars worldwide, especially for members subjected to 
flexural or eccentric loads or to prevent slippage between 
concrete and steel in the load application zones (Alharthi 
et al., 2022; Chen et al., 2022; Sun et al., 2021; Xue et al., 
2020a, 2020b; Yang & Li, 2020; Yang et al., 2019a, 2019b, 
2021a, 2021b; Yu et  al., 2020). A numerical investiga-
tion of the CCES columns with partially encased NWC 
at normal and high temperatures was also conducted 
(Štefan et  al., 2019). Push-out tests and parametric 
analysis were used to numerically study the mechanical 
performance of a short steel channel-section SCs in a 
composite deck with a thin ultra-high performance con-
crete (UHPC) plate; when the SCs height increased from 
50 to 80 mm, the shear strength improved, and the SCs 
arrangement orientation was a critical factor to the SCs’ 
uplift resistance (Zhao et al., 2020). A study on the axial 
behavior of high-strength CCES columns without SCs, 
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including analytical modeling, considering confinement 
effects provided by tie stirrups and steel sections, has 
been done by Lai and Liew (2021). The behavior of ultra-
high strength composite concrete-encased steel (USC-
CES) columns subject to fire has been studied by Du et al. 
(2021). In addition, Venkateshwaran et  al. (2021) stud-
ied the high-strength CCES column member by replac-
ing traditional steel bar reinforcement with steel fibers, 
producing ductile structural behavior and shorter con-
struction time and stopping the spread of microcracks 
by using the tiny straight steel fibers in their specimens. 
In order to estimate the N-M relationship, the authors 
proposed two analytical methods for specimens with 
and without traditional steel longitudinal bars reinforce-
ment. They also studied the buckling behavior of CCES 
columns with hooked-end steel fibers (Venkateshwaran 
et  al., 2022). According to Pereira1a et  al. (2016), local 
buckling of the steel section occurs at 55% of the maxi-
mum load, resulting in unexpectedly low capacity and 
possibly related to the early flaws in the steel sections.

From the previous literature, it can be noted that most 
of the existing studies in the field of SCs were for ele-
ments under flexural loads or for composite slabs and 
beam systems. The current studies of the CCES columns 
with IPE-shaped steel sections and ties stirrups lack 
investigation of the influence of SCs under axial forces 
through FE analysis and analytical modeling; however, 
the behavior of the CCES columns under other types of 
loading has been studied using different parameters. For 
these reasons, the analytical analysis of the CCES col-
umns under axial loads needs further investigation.

This paper numerically investigates the effects of differ-
ent study parameters on the rectangular CCES columns 
using crushed dolomite coarse aggregate (CDCA) with 
fully embedded IPE steel sections under axial compres-
sive loads using different SCs with different sizes and 
shapes and tie stirrups ratios, etc. First, on the basis of 
the constitutive material models for various components 
of the columns, stress–strain constitutive material mod-
els were developed to be input in the FEA model using 
ABAQUS software, including the CDCA concrete mate-
rial and steel material, etc. The validity of the model was 
checked and compared to the test results conducted by 
the author (Mostafa, 2016) in terms of load–deforma-
tion curves and the ultimate capacities of the specimens. 
In this paper, analytical and theoretical calculations were 
also conducted using nine available codes (YB9082-06 
(YB9082-06, 2007), CECS159 (CECS-230-, 2008, 2009), 
Hong Kong code (Code-11, 2011), ECP203 (ECP-203, 
2018), ECP-LRFD (ECP-SC-LRFD, 2012), ACI318M 
(ACI318M-14, 2014), AISC-360-16, (2016), BS-5400-05 
(BS.5400-5, 2002), and Eurocode-4 (Eurocode-4, 2004) 
to predict the ultimate axial capacities and to determine 

whether it would be feasible to apply these methods on 
CCES columns with CDCA concrete under axial load. 
The computed design codes results were compared with 
the experimental and FE results. Finally, parametric stud-
ies were conducted using the verified FE model regarding 
the influences of CDCA concrete strength, IPE-shaped 
section steel strength (fss), confinement/tie stirrups ratio 
(ρsv), SCs spacings and types, and the steel reinforcement 
ratio (ρsl) on the axial behavior of the columns.

2  Columns Finite Element (FE) Modeling
FE software, ABAQUS, was used to conduct the analysis. 
The specimens’ column upper and lower heads were used 
in the experiments to distribute the load evenly and pre-
vent CDCA concrete from crashing by the machine head 
in the experiments. However, these things are not found 
in the FE analysis modeling. In the FE analysis modeling, 
fixed-end boundary conditions for the lower whole cross-
section and the rigid body constraint option were used to 
tie the loading reference point to the whole cross-section 
in the upper part. The following is a brief description 
of the experimental work used to verify the analytical 
studies.

2.1  Brief Description of the Experimental Work
A brief explanation of the CCES columns’ experimen-
tal work exists here; more details about the experi-
mentally studied column specimens are presented by 
Mostafa (2016). Column specimens with a rectangle 
cross-section of 120 mm × 160 mm and a total height of 
1100 mm were prepared using crushed dolomite coarse 
aggregate (CDCA) with a maximum nominal size of 10 
mm according to ES: 1109/2008 and tested under axial 
vertical compressive load with different shear connec-
tors (SCs), with different spacing. The specimens have 
four longitudinal RFT bars with a diameter of 10 mm, 
horizontal ties with a diameter of 6 mm, and encased 
IPE.No.8 shaped steel section. They were used to verify 
the FE analysis results here. The actual concrete dimen-
sions of the column specimens were 120 × 160 × 800 
mm. The columns have concrete heads at the upper 
and lower ends with a cross-section of 260 mm × 300 
mm. The height of the head was 150 mm, as shown in 
Fig. 1a. The heads were provided at the upper and lower 
ends of the column to distribute the load evenly and to 
prevent the premature crushing of CDCA concrete of 
the specimens by the machine heads. The used CDCA 
concrete strength grade (fcu) was 40 MPa, which repre-
sents the actual measured CDCA concrete compressive 
strength value of 53.7 MPa for all columns (the grade 
was calculated based on the BS mix design method). 
To determine the actual CDCA concrete compressive 
strength and to quality control the concrete material 
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used in the test, six standard CDCA concrete cubes 
(150 × 150 × 150 mm) were made, three to be tested 
after seven days and the other three to be tested simul-
taneously by applying the test loads on the specimens. 
The embedded steel section type was IPE.No.8, which 
had a steel section ratio of 3.98%. Table  1 shows the 
properties and details of the tested column specimens 
used here. In the experimental test, two LVDTs were 
placed vertically and horizontally on the specimens’ 
sides to capture the specimens’ vertical and horizontal 
displacements, respectively. The measurement lengths 
in the vertical and horizontal directions were 640 mm 
and 130  mm, respectively. Strain gauges were used to 
record the strains of the IPE-shaped steel sections, 
reinforcement bars, and tie stirrups. Fig. 1b shows the 
general cross-section of the tested specimens.

2.2  Constitutive Material Model for CDCA Concrete, 
IPE‑Shaped Steel Section, Vertical Longitudinal 
Reinforcement Bars, and Ties Stirrups

Different available models have been tried to represent 
the studied concrete in the analysis through sensitivity 
analysis performed to select an appropriate model; the 
Mander model (Mander et al., 1988a, 1988b) was found 
to be suitable and gave the closest results to the test, so 
it was used to model the CDCA concrete in ABAQUS 
software (see Fig. 2a). The linear and nonlinear material 
parts were captured. The type of elastic part is isotropic, 

which was simulated using Young’s modulus and poi-
sons ratio. The concrete damage plasticity model was 
used to model the plasticity of the CDCA concrete; the 
used Dilation Angle was equal to 30, the used Eccentric-
ity value was equal to 0.1, the value of fb0/fc0 was equal 
to 1.16, the value of the factor K was equal 0.6667, the 
Viscosity Parameter value was equal 0.001, the mass 
Density off the CDCA concrete was equal 2.5 g/cm3. The 
Poisson’s ratios for the CDCA concrete and steel were 
equal to 0.2 and 0.3, respectively, the density of the steel 
was equal to 7.85 g/cm3, and the curve type was bilinear 
with ascending post-yield part. The used steel bars were 
according to ESS: 262 and ISO: 6935. High-grade steel 
bars of St. 40/60 and normal mild steel smooth bars St. 
24/35 were used for longitudinal reinforcement and tie 
stirrups, respectively; the yield strength (fy) and elastic-
ity modulus  (Es) of steel longitudinal reinforcement were 
400 MPa and 220000 MPa, respectively, the fy and  Es of 
steel tie stirrups were 240 MPa and 200000 MPa, respec-
tively. The yielding strength (fss) and  Es of encased rolled 
steel sections (IPE.No.8.) were 240 MPa and 200000 MPa, 
respectively. The type of elastic part was isotropic, while 
the type of hardening part was kinematic. The applica-
tion method of kinematic hardening was done by select-
ing the type of hardening part as kinematic in the plastic 
material part, as there are different options in ABAQUS 
for the type of hardening part. Kinematic steel hardening 

(a) Test setup and schematic diagram
(b) specimens geometry 
dimensions and steel 

reinforcement (units: mm)
Fig. 1 Test setup and specimens’ details: (a) Test setup and schematic diagram; (b) specimens geometry dimensions and steel reinforcement (units: 
mm)
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was found to be suitable here and gave the nearest ulti-
mate value to the test result (see Fig. 2e).

2.3  Elements Types and Mesh Sizes
The linear line type “T3D2” element type, using a linear 3D 
truss with a 2-node, was used for the steel ties and bars. 

(a) Sensitivity analysis of concrete models (b) Mesh sensitivity analysis

(c) Sensitivity analysis of shear strength between 
concrete and steel

(d) Sensitivity analysis of friction coefficient (μ)
between concrete and steel

(e) Sensitivity analysis of steel hardening type of 
plastic properties

(f) Sensitivity analysis of time period of step 
and amplitude
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Fig. 2 Sensitivity analysis studies: (a) Sensitivity analysis of concrete models; (b) Mesh sensitivity analysis; (c) Sensitivity analysis of shear strength 
between concrete and steel; (d) Sensitivity analysis of friction coefficient (μ) between concrete and steel; (e) Sensitivity analysis of steel hardening 
type of plastic properties; (f ) Sensitivity analysis of time period of step and amplitude
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The linear hexahedron (Hex) type “C3D8I” element type, 
using eight nodes of linear brick and incompatible modes, 
for the CDCA concrete, IPE-shaped steel section, and steel 
SCs, were found to be suitable in meshing and simulating 
the first two specimens, specimens with Ǿ8 SCs. While the 
four-node tetrahedral (Tet) element “C3D4” element type 
with one integration point for the CDCA concrete, IPE-
shaped steel section, and steel SCs were found to be suit-
able in meshing and simulating the second two specimens, 
specimens with Ǿ10 SCs. Fig. 3a-f shows the FE modeling 
and element types used in simulating the specimens. Based 
on mesh sensitivity analysis and to accurately simulate the 
axial behavior of the CCES columns with CDCA concrete, 
it was found that a 20 mm element size was suitable for all 
column element types (see Fig.  2b). Although the curve 
with 15 mm mesh sizes is near to the curve with 20 mm 
mesh sizes, the displacement at ultimate load (1.379 mm) 
had a large difference than the test (1.50 mm) and for 20 
mm mesh sizes (1.469 mm). The mesh sizes smaller than 
these sizes showed longer time-consuming, aborted due 
to error of near nodes or due to the ratio of deformation 
speed to wave speed exceeding 1.0.

2.4  Interaction Between the Steel and CDCA Concrete 
in the FE Modeling

This section describes the interaction between the CDCA 
concrete and IPE-shaped steel section, steel longitudinal 

bars, tie stirrups, and SCs in the FE analysis modeling. The 
surface contact between the CDCA concrete and the IPE-
shaped steel section or SCs of the CCES column members 
was general contact. If the bonding capacity is more signif-
icant than the applied stress throughout the test, the steel 
and CDCA concrete surfaces’ cohesive bonding resists the 
bond stresses. Slippage in the surface occurs with the loads 
increasing and shear stresses beyond the bond capacity. 
Crack initiation and propagation happen, which is the rea-
son for the uplift force on the used SCs when the normal 
stress overdoes the tension strength capacity of the sur-
face (Lin et  al., 2014). Cohesive contact interaction type 
“*CONTACT PAIR option” was applied to the surface 
between the CDCA concrete and IPE-shaped steel sec-
tion to simulate the interaction between the CDCA con-
crete and steel in the ABAQUS; in this way, two surfaces 
should be defined. The first is the CDCA concrete surface 
surrounding the IPE-shaped structural steel section, and 
the second is the IPE-shaped structural steel section sur-
face; the interface components are produced between the 
two surfaces to track the second surface’s displacement 
with respect to the first one. The “Hard Contact Presser” 
was used for normal performance between CDCA con-
crete and IPE-shaped structural steel section, and "Penalty 
Fracture Formulation" with a friction factor (μ) equal to 
0.25 (Ellobody et al., 2011) and specified shear stress limit 
equal to 500 MPa, was used for tangential performance 

(a) CDCA concrete with element 
type of C3D8I.” for specimens with 

Ǿ8 SCs

(b) Steel cage with element type of 
T3D2.” for specimens with Ǿ8 SCs

(c) Steel IPE-shaped section and SCs 
with element type of C3D8I.” for 

specimens with Ǿ8 SCs

(d) CDCA concrete with element 
type of C3D4.” for specimens with 

Ǿ10 SCs

(e) Steel cage with element type of 
T3D2.” for specimens with Ǿ10 SCs

(f) Steel IPE-shaped section and SCs 
with element type of C3D4.” for 

specimens with Ǿ10 SCs
Fig. 3 FE modeling: (a) CDCA concrete with element type of “C3D8I.” for specimens with Ǿ8 SCs; (b) Steel cage with element type of “T3D2.” 
for specimens with Ǿ8 SCs; (c) Steel IPE-shaped section and SCs with element type of “C3D8I.” for specimens with Ǿ8 SCs; (d) CDCA concrete 
with element type of “C3D4.” for specimens with Ǿ10 SCs; (e) Steel cage with element type of “T3D2.” for specimens with Ǿ10 SCs; (f ) Steel 
IPE-shaped section and SCs with element type of “C3D4.” for specimens with Ǿ10 SCs
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based on the sensitivity analysis (see Fig. 2c); although the 
value of shear strength values between concrete and steel 
has shown a small effect, the value of 500 MPa was found 
to give the closest result to the test results with value of 
ultimate column’s capacity of 989.036 kN in comparison 
to 989.074 kN and 989.208 kN for specimens with shear 
strength values between concrete and steel equal 240 MPa 
and 40 MPa, respectively. Also, the sensitivity analysis of 
friction coefficient (μ) between concrete and steel was 
done, as shown in Fig.  2d; the μ = 0.25 was found to be 
suitable and gave the closest result to test results, although 
the μ = 0 showed better curve, the displacement at ulti-
mate load (1.379 mm) had a large difference than the test 
(1.50 mm) and for μ = 0.25 (1.469 mm). Using this property 
between CDCA concrete and IPE-shaped structural steel, 
when the two designated surfaces come into contact, the 
normal forces applied to the first surface can be transmit-
ted between them. When the two specified surfaces sepa-
rate, the relative movement between the two surfaces can 
still be observed, but normal forces to the first surface are 
not passed. In any case, the two designated surfaces can-
not penetrate each other in this manner. The steel longi-
tudinal and bars tie stirrups were assembled in the CDCA 
concrete as an "Embedded region" type.

2.5  Boundary Conditions
In the CCES column members, one reference point (RP) 
was modeled at the top of the specimens to be connected/
tied to the top surface as a rigid body and then was used 
to apply the boundary conditions and loading through this 
point. The loads were applied in the upper reference point as 
a dynamic explicit step since the static general step requires 
too much time to solve the model, and results are usually 
aborted because of convergence reasons since the usage 
of a dynamic explicit with CDP model produced accurate 
forecasts of the capacity (Begum et al., 2013; Mostafa et al., 
2021). The lower surface of the specimens was fixed. Similar 
to Lai et al., (2019a), the load gradually increased by raising 
the displacement utilizing the displacement control method 
(to displace in the vertical direction, -U3) in a smooth step 
amplitude-type manner, as it was done by Sun et al., (2019). 
The time period equal to 1.0 was found to be suitable in the 
used explicit solver after trying different values (see Fig. 2f), 
the modeling approach took into account the nonlinear 
geometry, and the force was applied incrementally (Ello-
body & Young, 2011).

2.6  The Defects from Initial Imperfections and Residual 
Stresses

The initial imperfection and residual stress were con-
sidered to take any manufacturing defect during and/or 
after the industry stage of steel sections due to uneven 
cooling or small bending/buckling of the steel section. 

The initial imperfection using critical eigenvalue buck-
ling modes was used. The residual stress was considered 
through predefined field stress available in ABAQUS, and 
direct specification was utilized. To simulate the com-
pressive behaviors of engineered cementitious compos-
ites-concrete encased steel columns with compact steel 
sections, a 3D nonlinear FE model was created by Khan 
et al. (2020); their suggested FE model included contact 
interactions, material and geometric nonlinearities, and 
geometric imperfections to produce accurate predictions. 
The FEA predictions showed better agreement with test 
results when the initial imperfections were taken into 
consideration (Khan et al., 2020; Lai et al., 2019a, 2019b; 
Pereira1a et al., 2016). The initial imperfection effect and 
the residual stresses effect in the IPE-shaped steel section 
were taken into account in the analysis. Three buckling 
modes (eigenmode 1, 2, and 3) were used in the analy-
sis. The buckling mode obtained by the ABAQUS Eigen-
value analysis is normalized to unity 1.0, and the buckling 
modes were factored by multiplying it by the initial 
overall geometric imperfection magnitude. Following 
the ABAQUS eigenvalue prediction, the factored initial 
imperfection buckling mode was imported into the non-
linear load–displacement analysis.

3  Verification of Finite Element (FE) Model Results
Table 2 and Fig. 4a-d plot and list the comparison of FEA 
modeling to test results. Also, Fig. 5a-d shows the failure 
mode and deformation comparison between the test and 
FE results of the CCES column member at the ultimate 
capacity. The resulting contour is not symmetrical due 
to the initial imperfection that was taken into account to 
capture the real field column and to consider any manu-
facturing defect during and/or after the industry stage. 
The two specimens with shear connectors of Ǿ10 exhib-
ited a ductile behavior, while the other two specimens 
with shear connectors of Ǿ8 exhibited a brittle behavior; 
this upgraded behavior for the two specimens with shear 
connectors of Ǿ10 may be attributed to the fact that the 
specimens with shear connectors of Ǿ10 improved the 
interaction and bond between the concrete and ribbed 
high-strength steel shear connectors rather than the 
smooth mild steel shear connectors for the other two 
specimens with shear connectors of Ǿ8. Generally, the 
FEA analysis results agree reasonably with the test results 
that validate the numerical model efficiency. The aver-
age axial load ratio value of the test to numerical results 
(Pu,Test/ Pu,FE) of 1.019 and a coefficient of variation of 
0.031 are observed here. The average axial displacement 
ratio value of the test to numerical results (Δu,Test/ Δu,FE) 
of 1.036 and a coefficient of variation of 0.082 are also 
observed here. The predictions are averagely conservative 
and safe.
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4  Parametric Study
Progress has been made in understanding how shear 
connectors (SCs) between concrete and steel and other 
parameters affect beams and slabs over the past years. 

Still, less is known about how the SCs and other fac-
tors affect the behavior of CCES columns with CDCA, 
especially under axial loads. The studied parameters 
that affect the axial capacity of the CCES columns with 

Table 2  Comparison of the ultimate capacity

Specimen no. Pu,Test, (kN) Pu,FE, (kN) Pu,Test/ Pu,FE Δu,Test, (mm) Δu,FE, (mm) Δu,Test/ Δu,FE

Specimen #1 976.860 989.036 0.988 1.500 1.469 1.021

Specimen #2 980.660 985.383 0.995 1.696 1.469 1.155

Specimen #3 1056.420 1010.840 1.045 1.400 1.469 0.953

Specimen #4 1056.420 1009.730 1.046 1.491 1.468 1.015

Mean 1017.590 998.747 1.019 1.522 1.469 1.036

SD 0.031 0.085

COV 0.031 0.082

(a) Specimen #1 (b) Specimen #2

(c) Specimen #3 (d) Specimen #4
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Fig. 4 Comparison of FEA modeling to test results: (a) Specimen #1; (b) Specimen #2; (c) Specimen #3; (d) Specimen #4



Page 10 of 20Mostafa  Int J Concr Struct Mater            (2024) 18:7 

CDCA and IPE-shaped steel sections are presented here. 
The studied influencing parameters reported here were 
investigated by changing these factors with the constant 
of the other factors. The following four factors were cho-
sen to be the main parameters for the analysis in this 
paper through the analytical finite element (FE) stud-
ies: the impact of SCs, with different SCs with different 
types/shapes and sizes to provide slip interface resist-
ance between IPE-shaped steel and CDCA concrete, 
the impact of confinement by tie stirrups, the impact of 
CDCA strength, the impact of steel longitudinal bars 
ratio, and the impact of IPE-shaped steel strength. Table 3 

demonstrates the range of the studied parameter factors. 
Table 4 displays the effects of different parameters on the 
analysis results of the ultimate capacity of the CCES col-
umns with CDCA concrete. Generally, for all the speci-
mens, the curves presented in different sub-sections 
show that the loads increase gradually with increasing 
deformation till reaching the ultimate axial load capacity, 
then start to decrease with increasing displacements.

4.1  The Effect of CDCA Concrete Strength
The effect of concrete strength has been studied by many 
scholars before (Du et  al., 2021; Venkateshwaran et  al., 

(a) Specimen #1 (b) Specimen #2

(c) Specimen #3 (d) Specimen #4
Fig. 5 Failure mode comparison and deformation of CCES column member at the ultimate capacity: (a) Specimen #1; (b) Specimen #2; (c) 
Specimen #3; (d) Specimen #4

Table 3  The ranges of the studied parameters

The studied columns’ cross‑section dimensions b × t × L (mm × mm × mm) 120 × 160 × 800

IPE-shaped steel section IPE.No.8

IPE-shaped steel section strength, fss(MPa) 240, 480, 720, 960, and 1200

CDCA concrete strength, fcu(MPa) 25, 40, 50, 60, and 80

Tie stirrups spacings (Tie stirrups ratio %) @200 (0.59%), @150 (0.78%), @100 (1.18%), and @50 (2.36%)

Shear connectors (SCs) spacings Ø8 and Ø10 (@200, @150, @100, and @50)

SCs types Bars SCs and studs SCs

Longitudinal steel reinforcement ratio (ρsl) Longitudinal RFT bars 4Φ10 (1.64%), 4Φ12 (2.36%), 4Φ14 
(3.21%), and 4Φ16 (4.19%)
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2021). The capacity of the investigated columns is heavily 
influenced by the strength of the concrete. Using the vali-
dated model, Fig. 6 and Table 5 depict the effect of CDCA 
concrete strength (fcu) on the columns’ capacities  (Pu) 
and overall behaviors of the columns, demonstrating that 
as CDCA concrete strength increased, the ultimate axial 
compression capacities increased for the tie stirrup spac-
ing and other parameters are not changed. A maximum 
of 80 MPa of fcu was used. Table 5 displays the percent-
age outcomes as well as the effectiveness of increasing 
the fcu. The results reveal that the Pu increases with the 
increase of fcu. For example, the Pu of the specimen with 
fcu = 40 MPa improved by about 41.75% compared to the 
specimen with the smallest concrete strength, fcu = 25 
MPa, despite a 60% increase in the used fcu.

Table 4 The effects of different parameters on the analysis results of the ultimate behaviors

Parameters CDCA 
concrete 
strength, MPa

IPE‑shaped 
steel strength, 
fss (MPa)

Steel long. 
bars (ratio, 
ρsl %)

Confinement/
tie stirrups 
spacings, @ 
mm

Tie stirrups 
ratio, ρsv %

Shear 
connectors 
(SCs), @ mm

Ultimate axial 
capacity, Pu,FE, 
(kN)

Ultimate 
displacement 
Δu, (mm)

Effect of steel 
strength

40 240 4Φ10 (1.64%) φ6@200 0.59 SCǾ8@200 989.04 1.47

40 480 4Φ10 (1.64%) φ6@200 0.59 SCǾ8@200 1028.32 1.47

40 720 4Φ10 (1.64%) φ6@200 0.59 SCǾ8@200 1064.77 1.47

40 960 4Φ10 (1.64%) φ6@200 0.59 SCǾ8@200 1097.80 1.47

40 1200 4Φ10 (1.64%) φ6@200 0.59 SCǾ8@200 1127.81 1.47

Effect of CDCA 
concrete 
strength

25 240 4Φ10 (1.64%) φ6@200 0.59 SCǾ8@200 689.16 1.21

40 240 4Φ10 (1.64%) φ6@200 0.59 SCǾ8@200 989.04 1.47

50 240 4Φ10 (1.64%) φ6@200 0.59 SCǾ8@200 1105.07 1.56

60 240 4Φ10 (1.64%) φ6@200 0.59 SCǾ8@200 1268.25 1.74

80 240 4Φ10 (1.64%) φ6@200 0.59 SCǾ8@200 1564.49 2.04

Effect of con-
finement/tie 
stirrups ratio

40 240 4Φ10 (1.64%) Ø6 @200 0.59 SCǾ8@200 989.036 1.47

40 240 4Φ10 (1.64%) Ø6 @150 0.78 SCǾ8@200 983.13 1.47

40 240 4Φ10 (1.64%) Ø6 @100 1.18 SCǾ8@200 991.545 1.47

40 240 4Φ10 (1.64%) Ø6 @50 2.36 SCǾ8@200 1006.42 1.47

Effect of SCs 
spacings 
and types

40 240 4Φ10 (1.64%) φ6@200 0.59 SCǾ8@200 989.04 1.47

40 240 4Φ10 (1.64%) φ6@200 0.59 SCǾ8@150 987.63 1.47

40 240 4Φ10 (1.64%) φ6@200 0.59 SCǾ8@100 985.38 1.47

40 240 4Φ10 (1.64%) φ6@200 0.59 SCǾ8@50 991.13 1.47

40 240 4Φ10 (1.64%) φ6@200 0.59 SCǾ10@200 1010.84 1.47

40 240 4Φ10 (1.64%) φ6@200 0.59 SCǾ10@150 1016.703 1.559

40 240 4Φ10 (1.64%) φ6@200 0.59 SCǾ10@100 1009.73 1.468

40 240 4Φ10 (1.64%) φ6@200 0.59 SCǾ10@50 1027.806 1.559

40 240 4Φ10 (1.64%) φ6@200 0.59 studǾ10@200 982.103 1.47

40 240 4Φ10 (1.64%) φ6@200 0.59 studǾ10@150 978.66 1.47

40 240 4Φ10 (1.64%) φ6@200 0.59 studǾ10@100 977.584 1.47

40 240 4Φ10 (1.64%) φ6@200 0.59 stud Ǿ10@50 999.34 1.47

Effect of steel 
reinforcement 
ratio

40 240 4Φ10 (1.64%) φ6@200 0.59 SCǾ8@200 989.04 1.47

40 240 4Φ12 (2.36%) φ6@200 0.59 SCǾ8@200 1040.92 1.468

40 240 4Φ14 (3.21%) φ6@200 0.59 SCǾ8@200 1098.35 1.468

40 240 4Φ16 (4.19%) φ6@200 0.59 SCǾ8@200 1163.37 1.468
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Fig. 6 Efficiency of the CDCA concrete strength



Page 12 of 20Mostafa  Int J Concr Struct Mater            (2024) 18:7 

The average efficiency factor of almost 62% indicates 
that this is a good strategy for raising the Pu of this kind 
of specimen, especially considering the cost of raising 
the fcu. As displayed in Fig. 6, the strength–deformation 
relationships allow for analyzing the specimens’ failure 
mechanisms. The peak point on the curve rises when the 
fcu is increased. Although this is a less-than-ideal out-
come from the construction perspective, the post-ulti-
mate behaviors of the studied specimens with fcu greater 
than 50 MPa show a rapid decline in the strength capac-
ity, indicating occurrences of brittle collapses. This may 
be attributed to the sudden CDCA concrete cracking 
and potentially severe shattering with the greater applied 
force. The specimen with fcu = 25 MPa gives ductile pre-
ferred and encouraging results than the other specimens. 
Based on the relations in Fig. 6, the trend appears more 
protuberant as fcu increases, which points to a potential 
study point that should be studied in the future, particu-
larly for specimens with a fcu value greater than 50 MPa.

4.2  The Effect of IPE‑Shaped Steel Strength  (fss)
The lightweight, high strength, cost-effectiveness, and 
other structural benefits of the structural element with 
high-strength steel are only a few of its advantages over 
other construction materials (Li & Cai, 2019). Using the 
verified model, Fig.  7 and Table  6 illustrate the impact 
of fss on the overall performance and the column mem-
bers’ ultimate strength capacity  (Pu). The five specimens 
were selected to investigate the impact of raising the yield 
strength of the IPE-shaped steel section in the column 
members. The fss was raised from 240 to 1200 MPa.

As demonstrated in Table  6, Pu growth is relatively 
small compared to the growth in the fss. This increase 
results in a 3.97%, 7.66%, 11.00%, and 14.03% improve-
ment in the Pu through the specimens with fss = 480, 720, 
960, and 1200 MPa. Table  6 displays the effectiveness 
of fss; based on the pattern presented in the table, it can 
be concluded that as fss was raised, the efficiency factors 
decreased. This demonstrates that this strategy is not 
very effective, even though enhancing the fss improves the 
specimens’ capacity. The relationships in Fig. 7 are used 
to point to the failure of the specimens that have been 

subjected to the influence of changing the fss. As the fss 
value increased, the specimens’ behavior became more 
brittle; this is attributed to the increasing carbon percent-
age as the steel strength grade increased, which increased 
the stiffness and decreased the elongation deformability 
of steel. These are not preferred or encouraging results as 
was found in the specimens with fcu higher than 50 MPa 
that show brittle failure mode in the analyzed specimens 
for the effect of the fcu.

4.3  Effects of Confinement/Tie Stirrups Ratio (ρsv)
Most research and codes neglect the confinement effects 
and the shear connectors (SCs) (Soliman et al., 2013) on 
the capacity of the column elements. The confinement 
has a considerable impact on how the members behave 
when subjected to various sorts of loads (Berke & Mas-
sart, 2018; Mostafa et al., 2019; Tunc et al., 2021). Fig. 8 
shows the impact of ρsv on the column’s behavior; it also 
shows a similar pattern to the samples of the fss effect. The 
utilized amount of ρsv was changed from 0.59 to 2.36%, 
equivalent to corresponding tie stirrup spacings values 
of 200 mm to 50 mm of tie stirrups spacings. According 
to the results, as the ρsv was raised, the column’s capac-
ity also generally increased; for example, when the ρsv 

Table 5 Efficiency of the CDCA concrete strength

(MPa) Capacity, Pu (kN) Increasing of capacity, + Pu% Increasing CDCA concrete 
strength, + fcu%

 + Pu%/ + fcu%

25 689.16 – – –

40 976.86 41.75 60 0.70

50 1105.07 60.35 100 0.60

60 1268.25 84.03 140 0.60

80 1564.49 127.01 220 0.58
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Fig. 7 Effect of IPE-shaped steel section strength



Page 13 of 20Mostafa  Int J Concr Struct Mater            (2024) 18:7  

was raised from 0.59 to 2.36% by about 300%, the col-
umn’s capacity slightly increased by about 1.76%. This 
was caused by the tie stirrups’ confinement effects on the 
column specimens’ CDCA concrete core and IPE-shaped 
steel section.

Table  7 shows that increasing horizontal ties gener-
ally increased the studied CCES columns’ capacity under 
axial load. Pu growth is relatively inefficient compared to 
the growth in the ρsv. However, this increase only results 
in a 1.76% improvement in the Pu through the specimens. 
Based on the pattern presented in the table, the effective-
ness of ρsv is that: As ρsv was raised, the efficiency factors 
slightly increased. This demonstrates that this strategy 
is useless even though enhancing the ρsv improves the 

specimens’ capacity and post-ultimate ductility, espe-
cially for specimens with smaller tie stirrups spacings 
(@ 50 mm), as shown in Fig. 8. The bearing capacity and 
ductility slightly decreasing when the confinement ratio 
increased for the specimen Ø6 @ 150 may be attributed 
to the congestion of steel by increasing the steel ratio in 
the element, which causes easy cracking and separation 
between concrete and steel tie stirrups while improving 
the ρsv enhanced the specimens’ capacity for specimens 
with smaller tie stirrups spacings (Ø6 @ 100 and Ø6 @ 
50) and largely enhanced the specimen’s post-ultimate 
ductility for the specimen (Ø6 @ 50) this may be attrib-
uted to that by decreasing the spacing between tie stir-
rups more, the concrete between steel decreased, and the 
crashed zone decreased so the bearing capacity and duc-
tility controlled more by the large tie stirrups congestion 
rather than easy cracking and separation between con-
crete and steel tie stirrups. More studies need to be done 
to know more about the behavior of this type of column, 
and the ρsv factor in the CDMA structure with SCs needs 
to be set as a test variable in future research.

4.4  The Effect of Shear Connectors (SCs) Spacings 
and Types

The effect and use of shear connectors (SCs) have been 
widely used and studied by many scholars, especially for 
members under flexural or eccentric loads or to prevent 
the slippage between concrete and steel in the beam–
column connection and/ or slab-to-steel girder zones 
(Alharthi et al., 2022; Chen et al., 2022; Han et al., 2017; 
Liu et  al., 2018; Sun et  al., 2021; Tunc et  al., 2021; Xue 

Table 6 Efficiency of IPE-shaped steel section strength

Steel yield strength, fss 
(MPa)

Axial capacity Pu (kN) Increasing of axial capacity 
(+ Pu%)

Increasing steel yield strength 
(+ fss%)

(+ Pu%)/(+ fss%)

240 989.04 – – –

480 1028.32 3.97 100.00 0.040

720 1064.77 7.66 200.00 0.038

960 1097.80 11.00 300.00 0.037

1200 1127.81 14.03 400.00 0.035
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Fig. 8 Effect of confinement/tie stirrups ratio (ρsv)

Table 7 Efficiency of the confinement/tie stirrups ratio (ρsv)

Confinement/tie stirrups 
spacings, mm

Tie stirrups ratio, 
ρsv %

Capacity, Pu (kN) Increasing of 
capacity, + Pu%

Increasing tie stirrups 
ratio, + ρsv %

 + Pu%/ + ρsv %

Ø6 @ 200 0.59 989.036 – –

Ø6 @ 150 0.78 983.13 − 0.60 32.20 − 0.019

Ø6 @ 100 1.18 991.545 0.25 100.00 0.003

Ø6 @ 50 2.36 1006.42 1.76 300.00 0.006
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et al., 2020a, 2020b; Yang & Li, 2020; Yang et al., 2019a, 
2019b, 2021a, 2021b; Yu et al., 2020). The studs SCs sig-
nificantly affect the new type of SRC columns under 
push-out loads due to improving the bond-slip behav-
ior (Han et  al., 2017; Mostafa et  al., 2022b). Still, less is 
known about how SCs affect the column’s behavior under 
axial loads. Fig. 9a-c and Table 8 show the effect of SCs 
spacings and types on the studied CCES column mem-
bers’ behavior. From the results, it can be shown that 
increasing the SCs spacings for the specimens with SCǾ8 
improves the capacity by about 0.21% for the specimen 
SCǾ8@50 compared to specimen SCǾ8@200, but the 
capacity for the other two specimens decreased. Also, 
increasing the SCs spacings for the specimens with 
SCǾ10 improves the capacity by about 0.58% and 1.68% 
for specimens SCǾ10@150 and SCǾ10@50, respectively, 
compared to specimen SCǾ10@200, but the capacity for 
the other specimen (SCǾ10@100) decreased. Increas-
ing the studs spacings for the specimens with studǾ10 
improves the capacity by about 1.76% for specimen 
studǾ10@50 compared to specimen studǾ10@200, but 
the capacity for the other two specimens decreased. It 
can be concluded that the SCs type SCs spacings effects 
are insignificant in columns under axial load.

As can be seen in Table  8, in comparison with speci-
men without connectors, using the SCs system technique 
made from steel reinforcement bars and stud SCs, with 
head and shank, welded to a flange of steel shape encased 
CDCA concrete increases the columns’ capacity by an 
average value of about 4.9% of the control specimen with-
out SCs. The columns’ capacity increased by average val-
ues of 4.06%, 7.00%, and 3.65% for the series of specimens 
SCǾ8, SCǾ10, and studǾ10, respectively.

4.5  The Effect of Longitudinal Steel Reinforcement Ratio 
(ρsl)

Fig. 10 displays the impact of ρsl on the column’s behav-
ior; it also shows a similar pattern to the samples of the fcu 
effect. The used amount of ρsl was changed from 1.64 to 
4.19%, equivalent to corresponding steel reinforcement 
bars of 4Φ10 mm to 4Φ16 mm for each column. Accord-
ing to the results, as the ρsl was raised, the column’s 
capacity also increased; for example, when the ρsl was 
raised from 1.64 to 4.19% by about 155.49%, the column’s 
capacity increased by about 17.63%. This was caused by 
the effects of the larger value of steel ratio participating in 
bearing the load of the column specimens.

Table  9 shows that increasing ρsl generally increases 
the studied CCES columns’ capacity under axial load. 
Pu growth is smaller compared to the growth in the ρsl. 
However, this increase results in a 17.63% improvement 
in the Pu through the specimens. Based on the pattern 
presented in the table, the effectiveness of ρsl is that: As 

ρsl was raised, the efficiency factors slightly decreased, 
and the average efficiency factor was almost 12%. This 
result demonstrates that this strategy is not the best, 
especially considering the cost of raising the ρsl, even 

(a) SC-Phi8@S

(b) SC-Phi10@S

(c) Stud-Phi10@S
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Fig. 9 Effects of SCs spacings and types: (a) SC-Phi8@S; (b) 
SC-Phi10@S; (c) Stud-Phi10@S
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though enhancing the ρsl improves the specimens’ capac-
ity. In addition, the post-ultimate ductility decreases for 
the specimen with ρsl larger than 3.21 (4Φ14 mm), as 
shown in Fig. 10.

5  Codes Theoretical Calculation
The design formulas of nine available codes of design 
(ACI318M-14, 2014; AISC-360-16, 2016; BS.5400-5, 
2002; CECS-230-2008, 2009; Code-11, 2011; ECP-203, 
2018; ECP-SC-LRFD, 2012; Eurocode-4, 2004; YB9082-
06, 2007) were used to predict the ultimate capacity of 
the columns using the traditional methods presented 
in these codes for columns and to determine whether it 
would be feasible to apply these methods to CCES col-
umns with CDCA concrete under axial load. The nine 
used available codes are YB9082-06 (YB9082-06, 2007), 
CECS159 (CECS-230-2008, 2009), Hong Kong code 
(Code-11, 2011), ECP203(ECP-203, 2018), ECP-LRFD 
(ECP-SC-LRFD, 2012), ACI318M (ACI318M-14, 2014), 
AISC-360-16, (2016), BS-5400–05 (BS.5400-5, 2002), and 
Eurocode-4 (Eurocode-4, 2004). The material properties 
used here, such as concrete strength, etc., were picked as 
stated in the code’s provisions and their equations. The 
impact of the column’s slenderness ratio is taken into 
account in the design calculations for the ultimate capac-
ity used in AISC, (2016) and Eurocode-4, (2004). Table 10 
displays the computed capacities using the nine available 

Table 8 Effects of SCs spacings and types

SCs/stud type SCs’ 
spacings, 
mm

Capacity, 
Pu (kN)

In comparison with the first specimen with 
connectors

In comparison with a specimen without 
connectors

Increasing of 
capacity, + Pu%

Decrease in SC 
spacings, + S %

 + Pu%/ + S% Increasing of 
capacity, + Pu%

Decrease in SC 
spacings, + S %

 + Pu%/ + S%

None – – 949.77 – – – – – –

SCǾ8 SCǾ8@200 200 989.04 – – – 4.13 – –

SCǾ8@150 150 987.63 − 0.14 − 25.00 0.006 3.99 − 25.00 − 0.159

SCǾ8@100 100 985.38 − 0.37 − 50.00 0.007 3.75 − 50.00 − 0.075

SCǾ8@50 50 991.13 0.21 − 75.00 − 0.003 4.35 − 75.00 − 0.058

SCǾ10 SCǾ10@200 200 1010.84 – – – 6.43 – –

SCǾ10@150 150 1016.703 0.58 − 25.00 − 0.023 7.05 − 25.00 − 0.282

SCǾ10@100 100 1009.73 − 0.11 − 50.00 0.002 6.31 − 50.00 − 0.126

SCǾ10@50 50 1027.806 1.68 − 75.00 − 0.022 8.22 − 75.00 − 0.110

studǾ10 studǾ10@200 200 982.103 – – – 3.40 – –

studǾ10@150 150 978.66 − 0.35 − 25.00 0.014 3.04 − 25.00 − 0.122

studǾ10@100 100 977.584 − 0.46 − 50.00 0.009 2.93 − 50.00 − 0.059

stud Ǿ10@50 50 999.34 1.76 − 75.00 − 0.023 5.22 − 75.00 − 0.070
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Fig. 10 Effect of steel reinforcement ratio (ρsl)

Table 9 Efficiency of the steel reinforcement ratio (ρsl)

Long. bars Long. bars ratio, 
ρsl %

Capacity, Pu (kN) Increasing of 
capacity, + Pu%

Increasing of long. bars 
ratio, + ρsl %

 + Pu%/ + ρsl %

4Φ10 mm 1.64 989.04 – – –

4Φ12 mm 2.36 1040.92 5.25 43.90 0.119

4Φ14 mm 3.21 1098.35 11.05 95.73 0.115

4Φ16 mm 4.19 1163.37 17.63 155.49 0.113
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codes, and Table  11 compares them to the test and FE 
findings.

All the results of design codes give Put,Test/Puo,codes and 
Put,FE/Puo,codes larger than 1.0; this means that the deter-
mined capacities using these nine codes are conserva-
tive. The Chinese code, YB9082-06 (YB9082-06, 2007), 
provides the closest calculated ultimate capacity of the 
columns to both the test and FE results by average val-
ues of Put,Test/Puo,YB and Pu,FE/Puo,YB equal about 1.26 and 
1.23, respectively, and the average values of coefficient 
of variation for both Put,Test/Puo,YB and Pu,FE/Puo,YB equal 
about 0.038 and 0.012, respectively. Moreover, the find-
ings produced by the Egyptian code of steel, ECP-LRFD 
(ECP-SC-LRFD, 2012), are the most conservative. The 
average ratio of Put,Test/Puo,ECP-LRFD and Pu,FE/Puo,ECP-LRFD 
are 1.68 and 1.65, respectively; the coefficient of variation 
for Put,Test/Puo,ECP-LRFD and Pu,FE/Puo,ECP-LRFD are 0.038 and 
0.012, respectively.

Finally, it can be said that the experimental/FE results 
and comparative studies demonstrate that, generally 
speaking, the anticipated results are less than the test and 
FE results, indicating that the computed columns capaci-
ties derived by the codes are practically on the safe side. 
The closest estimates made by YB9082-06 (YB9082-06, 
2007) are 26% and 23% less, on average, than the test and 
FE results, respectively, while the safest prediction made 
by ECP-LRFD (ECP-SC-LRFD, 2012) are 68% and 65% 
less, on average, than the test and FE results, respectively 
(see Table 11).

6  Conclusions
Using the finite element (FE) analysis ABAQUS method, 
this paper numerically investigates the effects of differ-
ent study parameters on the rectangular CCES columns 
using crushed dolomite coarse aggregate (CDCA) with 
fully embedded IPE steel sections under axial compres-
sive loads. Based on the sensitivity analysis, it can be 
concluded that the behavior of the CDCA concrete can 
be captured well using the data and factors of the nor-
mal general concrete. Theoretical calculations were con-
ducted using nine available codes (YB9082-06, CECS159, 
Hong Kong code, ECP203, ECP-LRFD, ACI318M, AISC-
360-16, BS-5400-05, and Eurocode-4) to predict the 
ultimate axial capacities and compared with the experi-
mental test and FE results. The results recommend that 
the effects of the parameters of the columns under axial 
loads should be considered for their effects on the col-
umns’ capacity, ductility, and behavior:

1. The FE analysis could accurately predict the ultimate 
capacity of the CCES columns. The average value of 
the test to FE analysis result (Pu, Test/ Pu, FE) and coef-
ficient of variation are 1.019 and 0.031, respectively, 

and the average value of the test to FE analysis result 
(Δu,Test/ Δu,FE) and coefficient of variation are 1.036 
and 0.082, respectively.

2. As CDCA concrete strength increased, the ultimate 
axial compression capacities increased. The average 
efficiency factor of almost 62% indicates that this is a 
good strategy for raising the Pu of this kind of speci-
men, especially considering the cost of raising the fcu. 
The post-ultimate behaviors of the studied specimens 
with fcu greater than 50 MPa show a rapid decline in 
the strength capacity, indicating occurrences of brit-
tle collapses. Increasing the fss strategy is not very 
effective and gives brittle behavior, which is attrib-
uted to the increasing carbon percentage as the steel 
strength grade increases, which results in increasing 
the stiffness and decreasing the elongation deform-
ability of steel, even though enhancing the fss slightly 
improves the specimens’ capacity.

3. As the ρsv increased from 0.59% to 2.36%, by about 
300%, the column’s capacity slightly increased by 
about 1.76%, caused by the tie stirrups’ confinement 
effects on the column specimens’ CDCA concrete 
core and IPE-shaped steel section. As ρsv was raised, 
the efficiency factors slightly increased. This dem-
onstrates that this strategy is useless even though 
enhancing the ρsv improves the specimens’ capacity 
and post-ultimate ductility, especially for specimens 
with smaller tie stirrups spacings.

4. As the ρsl ratios increased, the column’s capacity 
increased. When the ρsl was raised from 1.64 to 4.19% 
by about 155.49%, the column’s capacity increased by 
about 17.63%. This was caused by the effects of the 
larger value of steel ratio participating in bearing the 
load of the column specimens. The efficiency factors 
slightly decreased as ρsl increased, and the average 
efficiency factor was almost 12%.

5. The SCs/studs spacings effect is insignificant in the 
CCES columns with CDCA concrete under axial 
load. Using the SCs system technique made from 
steel reinforcement bars and stud SCs (with head and 
shank) welded to a flange of steel-shaped CDCA con-
crete increases the columns’ capacity by an average 
value of about 4.9% of the control specimen without 
SCs. The columns’ capacity increased by average val-
ues of 4.06%, 7.00%, and 3.65% for the series of speci-
mens SCǾ8, SCǾ10, and studǾ10, respectively.

6. The ultimate capacities were predicted using nine 
available codes (AISC-360-16, (2016); BS.5400-5, 
2002; Eurocode-4, 2004;  ACI318M-14, 2014; ECP-
SC-LRFD, 2012; YB9082-06, 2007; ECP-203, 2018; 
CECS-230-, 2008, 2009; Code-11, 2011) to design the 
columns using the traditional methods and to deter-
mine whether applying these methods on CCES col-
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umns with CDCA concrete under axial load would 
be feasible. The codes calculations give conservative 
results. The Chinese code, YB9082-06 [9], provides 
the closest calculated ultimate capacity of the col-
umns to both the test and FE results. The findings 
produced by the Egyptian code of steel, ECP-LRFD 
(ECP-SC-LRFD, 2012), are the most conservative.
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