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Abstract 

 

This paper presents the structural behavior and design of concrete-encased cellular steel (CECS) members 

subjected to axial compression and major-axis bending. For stub CECS columns, the test results showed that 

concrete encasement could effectively delay local buckling of the cellular steel cores. The P–M strength interaction 

of CECS columns can be predicted using the simplified plastic stress distribution (PSD) method, which extends 

the AISC’s simplified P–M diagram to account for web openings in the cellular steel core. Comparisons with test 

data confirmed the reliability of the proposed method. Furthermore, numerical examples are provided to illustrate 

the practical design of bare cellular steel and CECS columns under various loading and slenderness conditions. 

 

Keywords: Cellular steel shapes; beam-columns; concrete encasement; plastic stress distribution (PSD) method; 

P–M strength interaction.  

 

1 Introduction 

 

Cellular steel shapes are widely used in construction as flexural members due to their high major-axis flexural 

stiffness-to-weight and strength-to-weight ratios. The regularly spaced circular web openings also facilitate the 

passage of service pipelines. They are commonly fabricated from a process of cutting a circular pattern along the 

web of hot-rolled wide-flange (W) shapes into two halves (Tee shapes) that are then offset and re-welded. Their 

geometric properties are summarized in Appendix A. Due to the presence of web openings, additional local failure 

modes must be considered in the flexural design, e.g., AISC Design Guide No. 31 (2016). However, research 

studies on compression and beam-column applications have so far been limited. 

 

Conventional concrete-encased steel (CES) columns using W shapes as a structural steel core have demonstrated 

several advantages from composite behavior, e.g., Mirza and Skrabek (1991), Mirza et al. (1996), Shanmugam and 

Lakshmi (2001), Weng and Yen (2002), Al-Shahari et al. (2003), Ellobody et al. (2011), Kim et al. (2012), 

Anuntasena et al. (2019), Lai and Liew (2020), Behnam and Denavit (2020), Bangprasit et al. (2022) and 

Naghipour et al. (2022). The concrete encasement can delay local buckling, act as passive fire protection, and 

protect the structural steel core from atmospheric corrosion. Meanwhile, the structural steel core and stirrups 

provide confining pressures that significantly enhance both strength and ductility of the confined concrete.  

 

Building upon these advantages, the present research introduces the concrete-encased cellular steel (CECS) 

columns, that combine the superior flexural performance of cellular steel shapes with the benefits of composite 

behavior. The web openings also facilitate effective concrete placement during construction. 

 

This paper presents the main findings from experimental, analytical, and numerical studies on bare cellular steel 

and CECS columns, with the emphasis on CECS. Practical design examples are also provided to demonstrate the 

applicability of the proposed approach for their applications as columns and beam-columns. Finally, future 

research studies are recommended to support the use of CECS columns. 

2 Bare cellular steel 

 

Because CECS columns use cellular steel shapes as a core, it is desirable to understand the compression behavior 

of bare cellular steel columns. This section outlines analytical models and design approaches for local buckling, 
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major-axis flexural (global) buckling, and interaction between axial force and bending moment of bare cellular 

steel under axial and combined loading, as validated by recent experimental and numerical studies.  

 

2.1 Local buckling 

Figure 1 shows a typical local buckling failure of cellular steel stub columns. It was observed that the strength of 

the local buckling mode is governed by failure of a compression tee spanning one-half hole diameter. The nominal 

compressive strength of the compression tee is expressed as: 

 

𝑃𝑛,tee = 𝐹𝑐𝑟(𝐴𝑛/2) (1) 

 

where 𝐹𝑐𝑟 is the critical buckling stress dependent on the elastic buckling stress (Fe), the smaller of flexural 

buckling and flexural-torsional buckling strengths of the tee, and 𝐴𝑛 is the net cross-sectional area of the cellular 

section.  

 

 
Figure 1. Local buckling failure of bare cellular steel stub column and a compression tee model. 

 

The following design parameters for the compression tee are assumed (AISC Design Guide No. 31 2016)), the 

effective length parameters for the compression tee are assumed to be: 

 

𝐾𝑥 = 0.65 (2) 

𝐾𝑦 = 1.0 (3) 

 

with the unbraced length (𝐿) and the corresponding effective length (𝐿𝑐) as 

 

𝐿 = 𝐷𝑜/2 (4) 

𝐿𝑐 = 𝐾𝐿 (5) 

 

Then, Eq. (1) is proportioned into the axial compressive and flexural strengths as follows 

 

𝑃𝑛,tee,𝑃 = 𝑋𝑃𝑛,tee (6) 

𝑃𝑛,tee,𝑀 = (1 − 𝑋)𝑃𝑛,tee (7) 

 

where 𝑋 is the force distributor varying from 0 (pure moment) to 1 (concentric loading), resulting in a linear 

strength interaction. Finally, the axial compressive and flexural strengths of the cellular steel stub column are 

obtained by summing contributions from both tees: 
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𝑃𝑛 = 2𝑃𝑛,tee,𝑃 (8) 

𝑀𝑛 = 𝑃𝑛,tee,𝑀(2𝑑
′) (9) 

 

where 2𝑑′ is the distance between centroids of top and bottom tees. The compression tee method predicted the 

local buckling strength in good agreement with the test results (Anuntasena 2019). 

 

2.2 Major-axis flexural buckling  

 

For slender cellular steel columns, the global buckling controls the compressive strength. An elastic buckling load 

(𝑃𝑒,cellular) of the perfect cellular steel column subjected to concentric loading was derived using the principle of 

potential energy (Horsangchai et al. 2024b) to be: 

 

𝑃𝑒,cellular =
2𝜋2𝐸𝐼𝑇
𝐿2

+
2𝜋2𝑑′2𝐸𝐴𝑇

𝐿2
(1 +

𝜋2𝑎𝐸𝐴𝑇
𝑘𝑠ℎ𝑡𝑤𝐺𝐿

2
)

−1

 (10) 

 

where E and G are the elastic and shear moduli of steel, respectively; a is the radius of circular holes (Do/2); S is 

the hole spacing; 𝑑′ is the distance from the center of the net cross-section to the tee-section’s centroid; 𝐴𝑇 and 𝐼𝑇 

are the area and moment of inertia of the tee section, respectively; 𝑘𝑠ℎ = 2ℎ𝑒𝑞
3 /(3𝑆(ℎ𝑒𝑞

2 + 𝑎2)) is the modified 

shear factor; and ℎ𝑒𝑞 = 𝑆 − 0.5𝜋𝑎 is the equivalent unit web post width, as shown in Figure 2.  

 

It is noteworthy that Eq. (10) accounts for the effects of shear and bending deformations of web posts on the elastic 

buckling load. Such effects are more pronounced in the cellular shapes with narrow web posts, such as those with 

small hole spacing and large hole diameters. Eq. (10) has been validated with eigenvalue buckling FE analysis 

results. Using the Euler buckling load equation based on the minimum net cross-section (2T) by neglecting local 

deformations at web posts overestimates the elastic buckling load. 

 

 
Figure 2. (a) Center-to-center spacing between two successive cellular holes, and (b) equivalent web post 

deformation model (adapted from Horsangchai et al. (2024b)). 

 

Figure 3 shows the column buckling strength curves of AISC 360 (2022) and EC3 (CEN 2005). Both are applicable 

for predicting the major-axis flexural buckling strength of practical cellular steel shapes, provided that 𝑃𝑒,cellular, 

from Eq. (10), is adopted for the Euler load. Therefore, the non-dimensional column slenderness λ̅  is defined by:  

 

λ̅ = √
𝐴𝑛𝑓𝑦

𝑃𝑒,cellular
 (11) 

 

Based on AISC 360 (2022), the nominal compressive strength is  

 

𝑃𝐴𝐼𝑆𝐶 = 𝜒AISC𝐴𝑛𝑓𝑦 (12) 

 

Where the reduction factor 𝜒AISC is: 

 

𝜒AISC = {
0.658λ̅

2
if  λ̅2 ≤ 2.25

0.877/λ̅2 if  λ̅2 > 2.25
 (13) 

 

Deformed 

shape

(a) (b)
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Based on EC3 (CEN 2005), the design compressive resistance is: 

 

𝑃𝐸𝐶 =
𝜒𝐴𝑛𝑓𝑦
𝛾𝑀1

 (14) 

 

where 𝛾𝑀1 is partial safety factor and 𝜒 is reduction factor defined by: 

𝜒 =
1

Φ +√Φ2 − λ̅2
≤ 1.0 (15) 

 

where Φ = 0.5[1 + 𝛼(λ̅ − 0.2) + λ̅2]. The imperfection factors (𝛼) depends on the cross-sectional geometry: 

buckling curves “a” (𝛼 = 0.21) is recommended for cellular sections fabricated from the parent steel with ℎ/𝑏 > 

1.2, and “b” (𝛼 = 0.34) for ℎ/𝑏 ≤ 1.2 (Kinget 2015).  

 

Using the Euler buckling load based on the minimum net cross-section (2T) by neglecting local deformations at 

web posts led to unconservative errors up to 7% for EC3 and 16% for AISC 360, respectively, particularly for 

cellular shapes with closely spaced web openings.  

 

 
Figure 3. Column buckling strength curves of AISC 360 and EC3. 

 

2.3 P–M strength interaction 

 

Under combined P and M, the strength interaction equation of EC3 (CEN 2005) is recommended for predicting 

the capacity of cellular steel members, provided that the compressive strength (PEC) is determined from Eq. (14) 

using 𝑃𝑒,cellular (Horsangchai et al. 2024a).  

 
𝑃

𝑃𝐸𝐶
+ 𝑘𝐸𝐶

𝑀1𝑠𝑡

𝑀𝐸𝐶
≤ 1.0 (16) 

 

where 𝑘𝐸𝐶 = 𝐶𝑚(1 + (λ̅ − 0.2)𝑃/𝑃𝐸𝐶) ≤ 𝐶𝑚(1 + 0.8𝑃/𝑃𝐸𝐶) is the interaction factor in accordance with Annex 

B (Method 2) of EC3 (CEN 2005); 𝐶𝑚 is the equivalent uniform moment factor (=1 for uniform moment); 𝑀𝐸𝐶 is 

the flexural strength, i.e., plastic moment capacity (𝑀𝑝) at the net cross-section when local buckling and LTB of 

the cellular steel member are prevented; and 𝑀1𝑠𝑡 is determined from the first-order elastic analysis of perfect 

geometry (CEN 2005). 
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3 Concrete-encased cellular steel (CECS) 

 

The CECS system combines a cellular steel core with a reinforced concrete encasement. The composite action 

significantly enhances the structural performance, mitigating the local buckling failure inherent to bare cellular 

members. This section describes the behavior and strength prediction of CECS stub columns under concentric and 

eccentric loadings. 

 

3.1 Stub column behavior 

 

Figure 4 shows a typical concrete crushing and buckling of longitudinal rebars of CECS stub columns subjected 

to concentric and eccentric loadings (Anuntasena 2019). Concrete encasement effectively delayed local buckling 

of the cellular steel core. Under concentric loading, the test results showed that adding shear studs slightly increased 

the concentric strength (5 - 7%) (Lenwari et al. 2024). The nominal compressive strength can be determined from 

cross-sectional strength as: 

 

𝑃𝑛 = 𝐴𝑛𝑓𝑦 + 𝐴𝑠𝑟𝑓𝑦𝑠𝑟 + 0.85𝐴𝑐𝑓𝑐
′ (17) 

 

where Ac is the cross-sectional area of concrete.  

 

Under eccentric loading, the test results showed that longitudinal strain distributions across composite the 

composite cross sections were typically linear up to 80% of the maximum load (Lenwari et al. 2024). Also, CECS 

columns exhibited lower compressive strength and ductility than the parent CES columns under small loading 

eccentricities of e/D = 0.1 and 0.2. The confining pressures from the closed stirrups and structural steel core were 

activated at approximately 50% and 60–80% of the maximum load, respectively.  

 

 
Figure 4. Failure modes of CECS stub columns. 

 

3.2 Simplified plastic stress distribution (PSD) method 

 

The AISC’s simplified plastic stress distribution (PSD) method was extended to predict the P–M strength of CECS 

stub columns (Lenwari et al. 2024). In the simplified PSD method, four (P, M) coordinates at points A, B, C, and 

D of the P–M diagram are derived and connected by straight lines. The cross section at the center of the web 

opening of the cellular steel core is considered, as shown in Figure 5.  

 

   • Point A represents the concentric compression strength with coordinate (PA, MA): 
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𝑃A = 0.85𝑓𝑐
′𝐴𝑐 + 𝑓𝑦𝐴𝑛 + 𝑓𝑦𝑠𝑟𝐴𝑠𝑟 (18) 

𝑀A = 0 (19) 

     where  

𝐴𝑐 = 𝐵𝐷 − 𝐴𝑛 − 𝐴𝑠𝑟 (20) 

 

• Point B represents the flexural strength with coordinate (PB, MB):  

 

𝑃𝐵 = 0 (21) 

𝑀𝐵 = 𝑀𝐷 − 𝑍𝑠𝑛𝑓𝑦 − 𝑍𝑐𝑛(0.85𝑓𝑐
′)/2 (22) 

𝑍𝑐𝑛 = 𝐵ℎ𝑛
2 − 𝑍𝑠𝑛  (23) 

 

The location of the plastic neutral axis (ℎ𝑛) depends on its position relative to the cellular section geometry. 

 

Case 1: ℎ𝑛 ≤
𝐻

2
− 𝑡𝑓 

 

ℎ𝑛 =

1

2
0.85𝑓𝑐

′𝐴𝑐 − 0.85𝑓𝑐
′𝑡𝑤

𝐷𝑜

2
+ 2𝑓𝑦𝑡𝑤

𝐷𝑜

2
− 𝑓𝑦𝑠𝑟𝐴𝑠𝑟𝑠

2𝑓𝑦𝑡𝑤 + 0.85𝑓𝑐
′(𝐵 − 𝑡𝑤)

 (24) 

𝑍𝑠𝑛 = 𝑡𝑤 (ℎ𝑛 −
𝐻

2
)(ℎ𝑛 +

𝐻

2
) (25) 

Case 2: 
𝐻

2
− 𝑡𝑓 < ℎ𝑛 ≤

𝐻

2
 

 

ℎ𝑛 =
0.85𝑓𝑐

′(𝐴𝑐 + 𝐴𝑛 −𝐻𝑏 + 𝐴𝑠𝑟𝑠) − 2𝑓𝑦𝑠(𝐴𝑠 − 𝐻𝑏) − 2𝑓𝑦𝑠𝑟𝐴𝑠𝑟𝑠

2(0.85𝑓𝑐
′(𝐵 − 𝑏) + 2𝑓𝑦𝑠𝑏)

 (26) 

𝑍𝑠𝑛 = 𝑍𝑠 − 𝑏 (
𝐻

2
− ℎ𝑛) (

𝐻

2
+ ℎ𝑛) (27) 

 

Case 3: ℎ𝑛 > 𝐻/2 

 

ℎ𝑛 =
0.85𝑓𝑐

′(𝐴𝑐 + 𝐴𝑛 + 𝐴𝑠𝑟𝑠) − 2𝑓𝑦𝐴𝑛 − 2𝑓𝑦𝑠𝑟𝐴𝑠𝑟𝑠

2(0.85𝑓𝑐
′(𝐵 − 𝑏) + 2𝑓𝑦𝑠𝑏)

 (28) 

𝑍𝑠𝑛 = 𝑍𝑠,𝑛𝑒𝑡 
(29) 

 

 

• The coordinate (PC, MC) of point C is: 

 

𝑃𝐶 = 0.85𝑓𝑐
′𝐴𝑐 (30) 

𝑀𝐶 = 𝑀𝐵 (31) 

 

• The coordinate (PD, MD) of point D is:  

 

𝑃𝐷 = 0.85𝑓𝑐
′𝐴𝑐/2 (32) 

𝑀𝐷 = 𝑍𝑠,𝑛𝑒𝑡𝑓𝑦 + 𝑍𝑟𝑓𝑦𝑠𝑟 + 𝑍𝑐(0.85𝑓𝑐
′)/2 (33) 

𝑍𝑐 = 𝐵𝐷2/4 − 𝑍𝑠𝑛𝑒𝑡 − 𝑍𝑟 (34) 

𝑍𝑟 = (𝐴𝑠𝑟 − 𝐴𝑠𝑟𝑠)(𝐷/2 − 𝑐) (35) 

 

Based on cross-section properties of the tested CECS stub columns, the average prediction-to-experimental ratio 

and coefficient of variation (COV) were 1.01 and 0.064, respectively (Lenwari et al. 2024). A parametric study 

also showed that the CECS columns exhibited superior strength to the parent CES column at large load 

eccentricities, i.e., beyond point C, as shown in Figure 6. The strength enhancement was pronounced at higher 

Do/d ratio and lower S/Do ratio, as shown in Figure 7.  
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Figure 5. Simplified PSD method for CECS cross-sections, showing Points A to D. 
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Figure 6. Simplified PSD predictions vs. experimental results (Lenwari et al. 2024). 

 

 
(a) Effect of Do/h ratio 

   
(b) Effect of S/Do ratio 

Figure 7. Effect of web opening configuration of cellular steel core on CECS’s P–M diagrams.  

 

 

4 Numerical examples 

 

This section demonstrates the application of the analytical and design methods described in Sections 2 and 3. Three 

examples covering (1) major-axis flexural buckling of bare cellular steel columns with different lengths, (2) axial–

flexural interaction (P–M) behavior of cellular steel beam-columns with different lengths, and (3) P–M capacity 

prediction for CECS stub columns are illustrated. 
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4.1 Example 1. Major-axis flexural buckling strength of bare cellular steel column (EC3) 

 

Consider a simply supported steel column of length 𝐿 = 10 m or 13.5 m, fabricated either from a W250×255 parent 

section (h = 250 mm, b = 255 mm, tw = 14 mm, tf  = 14 mm) or from a cellular version with circular openings of 

diameter 𝐷𝑜 = 1.2ℎ and 𝑆 = 1.1𝐷𝑜, as shown in Figure 8. The structural steel properties are E = 200 GPa, fy = 245 

MPa, and Poisson’s ratio 𝜈 = 0.3. For a comparison, the partial safety factor is set to γM1 = 1.0. Detailed calculations 

are provided in Figure 9. 

 

 
Figure 8. Example 1: (a) Pin-ended steel column, and (b) considered cross-sections (W shape and cellular). 

 
A = 10,248 mm2 (neglect fillets) 

 

 

CASE 1 (𝑳 = 10 m): 

𝑃𝑒 = 𝜋2𝐸𝐼/𝐿2  = 2,217 kN 

𝜆̅ = √𝐴𝑓𝑦/𝑃𝑒  = 1.06  

𝛼 = 0.34 

Φ = 0.5[1 + 𝛼(λ̅ − 0.2) + λ̅2] = 1.213 

𝜒 = min {(Φ + √Φ2 − λ̅2)
−1

, 1.0} = 0.557  

𝛾𝑀1 = 1.0 

𝑃𝐸𝐶 = 𝜒𝐴𝑛𝑓𝑦/𝛾𝑀1= 1,398 kN 

 

 

CASE 2 (𝑳 = 13.5 m): 

𝑃𝑒 = 𝜋2𝐸𝐼/𝐿2  = 1,216 kN 

𝜆̅ = √𝐴𝑓𝑦/𝑃𝑒  = 1.44 

α = 0.34 

Φ = 0.5[1 + 𝛼(λ̅ − 0.2) + λ̅2] = 1.742 

𝜒 = (Φ + √Φ2 − λ̅2)
−1

≤ 1.0 = 0.367  

𝛾𝑀1 = 1.0 

𝑃𝐸𝐶 = 𝜒𝐴𝑛𝑓𝑦/𝛾𝑀1= 920 kN 

Do = 300 mm and S = 330 mm 

𝐻 = ℎ +
1

2
√𝐷𝑜

2 − (𝑆 − 𝐷𝑜)
2 = 399.2 mm 

𝐴𝑛 = 𝐴2𝑇 = 𝐴parent − (ℎ − (𝐻 − 𝐷𝑜))𝑡𝑤 = 8,138 mm2 

𝐴𝑇 = 𝐴𝑛/2 = 4,069 mm2 (neglect fillets) 

𝐼𝑇 = 3.8 × 105 mm4 

𝑎 =  𝐷𝑜/2 = 150 mm  

ℎ𝑒𝑞 = 𝑆 − 0.5𝜋𝑎 = 94.38 mm 

𝑘𝑠ℎ = 2ℎ𝑒𝑞
3 / (3𝑆(ℎ𝑒𝑞

2 + 𝑎2)) = 0.054 

𝑑′ = 189.6 mm 

𝐺 = 𝐸/(2(1 + 𝜐))G = 76,923 MPa 

 

CASE 1 (𝑳 = 10 m): 

𝑃𝑒,cellular =
2𝜋2𝐸𝐼𝑇

𝐿2
+

2𝜋2𝑑′2𝐸𝐴𝑇

𝐿2
(1 +

𝜋2𝑎𝐸𝐴𝑇

𝑘𝑠ℎ𝑡𝑤𝐺𝐿
2
)
−1

 = 4,798 kN 

λ̅ = √𝐴𝑛𝑓𝑦/𝑃𝑒,cellular= 0.64 

𝛼 = 0.34 

Φ = 0.5[1 + 𝛼(λ̅ − 0.2) + λ̅2]  = 0.783 

𝜒 = min {(Φ + √Φ2 − λ̅2)
−1

, 1.0} = 0.814  

𝛾𝑀1 = 1.0  

𝑃𝐸𝐶 = 𝜒𝐴𝑛𝑓𝑦/𝛾𝑀1 = 1,623 kN (Increase by 16%) 

 

CASE 2 (𝑳 = 13.5 m): 

𝑃𝑒,cellular =
2𝜋2𝐸𝐼𝑇

𝐿2
+

2𝜋2𝑑′2𝐸𝐴𝑇

𝐿2
(1 +

𝜋2𝑎𝐸𝐴𝑇

𝑘𝑠ℎ𝑡𝑤𝐺𝐿
2
)
−1

 = 2,853 kN 

λ̅ = √𝐴𝑛𝑓𝑦/𝑃𝑒,cellular= 0.84 

𝛼 = 0.34 

Φ = 0.5[1 + 𝛼(λ̅ − 0.2) + λ̅2] = 0.958 

𝜒 = (Φ + √Φ2 − λ̅2)
−1

≤ 1.0 = 0.702  

𝛾𝑀1 = 1.0  

𝑃𝐸𝐶 = 𝜒𝐴𝑛𝑓𝑦/𝛾𝑀1 = 1,400 kN  (Increase by 52%) 

 

LOCAL BUCKLING  (compression tee) 

L = Do/2 = 150 mm  

Kx = 0.65; Ky = 1.0 

rx = 9.7 mm ; ry = 69.0 mm 

J = 2.7223×105 mm4 

Cw = 5.9075 ×106 mm6 

Fe = min (Fex, Feyz) = 1,085 MPa (AISC design guide no. 31) 

fy/Fe = 0.226 ≤ 1.5: Fcr = 0.658(𝑓𝑦/𝐹𝑒)𝑓𝑦 = 222.9 MPa 

𝑃𝑛,tee = 𝐹𝑐𝑟(𝐴𝑇) = 907 kN 

𝑃𝑛,tee,𝑃 = 𝑃𝑛,tee 

𝑃𝑛 = 2𝑃𝑛,tee,𝑃 = 1,814 kN           NOT CONTROL 
(a) Parent steel column (W shape) (b) Cellular steel column (Do = 1.2h and S = 1.1Do) 

Figure 9. Detail calculations of Example 1. 

Parent steel column

(W shape)
Cellular steel 

column 

Section A-A:(a) (b)

A A

𝑏
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This example shows that the cellular shape is superior to its parent shape due to an increased flexural stiffness. The 

compressive strength enhancement increases from 16% to 52% as column length increases from 10 to 13.5 m. 

 

4.2 Example 2. P–M diagram of bare cellular steel beam-column (EC3) 

Construct the P–M interaction diagrams of the cellular steel beam-column (with 𝐷𝑜  = 1.0ℎ and 𝑆 = 1.3𝐷𝑜) 

subjected to combined axial compression (𝑃) and constant moment (𝑀𝑜), for two different column lengths: 𝐿 =
13.0 m and 28.3 m, corresponding to non-dimensional slenderness ratios λ̅ = 0.7 and 1.5, as shown in Figure 10. 

The cellular shape is fabricated from IPE300 (ℎ = 300 mm, 𝑏 = 150 mm, 𝑡𝑓 = 10.7 mm, 𝑡𝑤 = 7.1 mm).  

 

When only in-plane behavior is considered in this study and the net cross-section is compact, the bending resistance 

(𝑀𝐸𝐶) is taken as the plastic moment capacity at the net cross-section (𝑀𝑝). Also, the moment considering second-

order deformations is expressed as 

 

𝑀2𝑛𝑑 =
𝐶𝑚

1 − 𝑃/𝑃𝑒.cellular
𝑀1𝑠𝑡 (36) 

 

Thus, the EC’s P–M diagram considering second-order effects is given by 

 

(
𝛾𝑀1
𝜒
)
𝑃

𝑃𝑦
+
𝑘𝐸𝐶
𝐶𝑚

(1 − (
𝑃𝑦

𝑃𝑒.cellular
)
𝑃

𝑃𝑦
)
𝑀2𝑛𝑑

𝑀𝑝
≤ 1 (37) 

 

The details of the calculations for these two cases are provided in Figure 11.  

 

 
Figure 10. Cellular steel beam-column in Example 2. 

 

Do = 300 mm, S = 390 mm and 𝐴𝑝𝑎𝑟𝑒𝑛𝑡 = 5,188 mm2 (neglect fillets) 

𝐻 = ℎ +
1

2
√𝐷𝑜

2 − (𝑆 − 𝐷𝑜)
2 = 433.1 mm 

𝐴𝑛 = 𝐴2𝑇 = 𝐴𝑝𝑎𝑟𝑒𝑛𝑡 − (ℎ − (𝐻 − 𝐷𝑜))𝑡𝑤 = 4,174 mm2 

𝐴𝑇 = 𝐴𝑛/2 = 2,037 mm2 , and 𝐼𝑇 = 6.166 × 105 mm4    (neglect fillets) 

𝑎 =  𝐷𝑜/2 = 150 mm , ℎ𝑒𝑞 = 𝑆 − 0.5𝜋𝑎 = 154.4 mm, and 𝑘𝑠ℎ = 2ℎ𝑒𝑞
3 / (3𝑆(ℎ𝑒𝑞

2 + 𝑎2)) = 0.1357 

𝑑′ = 212.6 mm 

𝐺 = 𝐸/(2(1 + 𝜐))G = 76,923 MPa 

𝐶𝑚 = 1 (for uniform moment) and 𝛾𝑀1 = 1 

Since ℎ/𝑏 = 2.0 > 1.2, so buckling curves “a” is used as recommended with 𝛼 = 0.21. 

 

CASE 1 (𝑳 = 13.0 m): 

𝑃𝑒,cellular =
2𝜋2𝐸𝐼𝑇

𝐿2
+

2𝜋2𝑑′2𝐸𝐴𝑇

𝐿2
(1 +

𝜋2𝑎𝐸𝐴𝑇

𝑘𝑠ℎ𝑡𝑤𝐺𝐿
2
)
−1

 = 2,066 kN 

λ̅ = √𝐴𝑛𝑓𝑦/𝑃𝑒,cellular = 0.7 

Φ = 0.5[1 + 𝛼(λ̅ − 0.2) + λ̅2] = 0.793, and 𝜒 = min {(Φ + √Φ2 − λ̅2)
−1

, 1.0} = 0.848, so 𝑃𝐸𝐶 = 𝜒𝐴𝑛𝑓𝑦/𝛾𝑀1 = 𝜒𝑃𝑦/𝛾𝑀1= 0.848𝑃𝑦 

𝑘𝐸𝐶 = min{𝐶𝑚(1(+(λ̅ − 0.2)𝑃/𝑃𝐸𝐶), 𝐶𝑚(1 + 0.8𝑃/𝑃𝐸𝐶)} = 1 + 0.5𝑃/𝑃𝐸𝐶 = 1 + 0.588𝑃/𝑃𝑦 

So, the P-M interaction diagram for first order moment (Eq. 16) is 1.176
𝑃

𝑃𝑦
+ (1 + 0.588

𝑃

𝑃𝑦
)
𝑀1𝑠𝑡

𝑀𝑝
≤ 1,  

and for second order moment (Eq. 37) is 1.176
𝑃

𝑃𝑦
+ (1 + 0.588

𝑃

𝑃𝑦
) (1 − 2.070

𝑃

𝑃𝑦
)
𝑀2𝑛𝑑

𝑀𝑝
≤ 1. 

 

CASE 2 (𝑳 = 28.3 m): 

𝑃𝑒,cellular =
2𝜋2𝐸𝐼𝑇

𝐿2
+

2𝜋2𝑑′2𝐸𝐴𝑇

𝐿2
(1 +

𝜋2𝑎𝐸𝐴𝑇

𝑘𝑠ℎ𝑡𝑤𝐺𝐿
2
)
−1

 = 4,438 kN 

λ̅ = √𝐴𝑛𝑓𝑦/𝑃𝑒,cellular = 1.5 

Φ = 0.5[1 + 𝛼(λ̅ − 0.2) + λ̅2] = 1.761, and 𝜒 = min {(Φ + √Φ2 − λ̅2)
−1

, 1.0} = 0.373, so 𝑃𝐸𝐶 = 𝜒𝐴𝑛𝑓𝑦/𝛾𝑀1 = 𝜒𝑃𝑦/𝛾𝑀1= 0.373𝑃𝑦 

𝑘𝐸𝐶 = min{𝐶𝑚(1 + (λ̅ − 0.2)𝑃/𝑃𝐸𝐶), 𝐶𝑚(1 + 0.8𝑃/𝑃𝐸𝐶)} = 1 + 0.8𝑃/𝑃𝐸𝐶 = 1 + 1.342 𝑃/𝑃𝑦 

Therefore, the P-M interaction diagram for first order moment (Eq. 16) is 2.684
𝑃

𝑃𝑦
+ (1 + 1.342

𝑃

𝑃𝑦
)
𝑀1𝑠𝑡

𝑀𝑝
≤ 1,  

and for second order moment (Eq. 37) is 2.684
𝑃

𝑃𝑦
+ (1 + 1.342

𝑃

𝑃𝑦
) (1 − 0.445

𝑃

𝑃𝑦
)
𝑀2𝑛𝑑

𝑀𝑝
≤ 1. 

Figure 11. Calculation details for Example 2. 

𝐿

𝑃

𝑀𝑜𝑀𝑜

𝑃

Deformed shape
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Figure 12. P–M diagram of cellular steel beam-column in Example 2. 

 

The obtained first- and second-order P–M diagrams for these two cases are illustrated in Figure 12. This example 

shows that strength of the cellular steel column subjected to combined loading reduces as the column length 

increases. Moreover, for the same column length, the second-order moment diagram, considering 𝑃𝑒,cellar, exhibits 

higher moment demand than the first-order one. 

 

 

4.3 Example 3. P–M diagram of CECS stub columns 

 

Construct the P–M diagram of the test specimen C1s (𝐷𝑜 = 90 mm, 𝑆 = 126 mm, and 𝐻 = 185 mm) as reported by 

Lenwari et al. (2024). Figure 13 shows the composite cross-section of the column (340340 mm), which consists 

of a 30-mm-thick concrete cover and a longitudinal reinforcement ratio of 0.6%. The material properties are 𝑓𝑐
′ =

22.9 MPa, 𝑓𝑦 = 307 MPa and 𝑓𝑦𝑠𝑟 = 332 MPa.  

 

The calculation details for the four key points (A–D) of the simplified plastic stress distribution (PSD) method are 

presented in Figure 14.  

 

 
Figure 13. Concrete-encased cellular steel beam-column (specimen C1s) in Example 3 (dimensions in mm). 
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𝐴𝑛 = 3,629 mm2 

𝐴𝑠𝑟 = 707 mm2 

𝐴𝑐 = 𝐵𝐷 − 𝐴𝑛 − 𝐴𝑠𝑟 = 111,300 mm2 

𝑍𝑠 = 296,000 mm3 

𝑍𝑐𝑛 = 𝐵ℎ𝑛
2 − 𝑍𝑠𝑛 = 9.443×106 mm2 

𝑐 = 46.5 mm 

𝑍𝑟 = (𝐴𝑠𝑟 − 𝐴𝑠𝑟𝑠)(𝐷/2 − 𝑐) = 87,000 mm3 

𝑍𝑐 = 𝐵𝐷2/4 − 𝑍𝑠𝑛𝑒𝑡 − 𝑍𝑟 = 9.443×106 mm3 

 

Point A: 

𝑃A = 0.85𝑓𝑐
′𝐴𝑐 + 𝑓𝑦𝐴𝑛 + 𝑓𝑦𝑠𝑟𝐴𝑠𝑟 = 3,515 kN 

𝑀A= 0 

Point B: 

𝑃𝐵 = 0 

Since 𝐻/2 = 92.5 mm and 𝐻/2 − 𝑡𝑓 = 82.5 mm, the following three cases are evaluated: 

Case 1:  

ℎ𝑛 =
1

2
0.85𝑓𝑐

′𝐴𝑐−0.85𝑓𝑐
′𝑡𝑤

𝐷𝑜
2
+2𝑓𝑦𝑡𝑤

𝐷𝑜
2
−𝑓𝑦𝑠𝑟𝐴𝑠𝑟𝑠

2𝑓𝑦𝑡𝑤+0.85𝑓𝑐
′(𝐵−𝑡𝑤)

 = 1178 mm, 𝑍𝑠𝑛 = 𝑡𝑤 (ℎ𝑛 −
𝐻

2
) (ℎ𝑛 +

𝐻

2
) = 83,007 mm3 

Case 2: 

ℎ𝑛 =
0.85𝑓𝑐

′(𝐴𝑐+𝐴𝑛−𝐻b+𝐴𝑠𝑟𝑠)−2𝑓𝑦𝑠(𝐴𝑠−𝐻𝑏)−2𝑓𝑦𝑠𝑟𝐴𝑠𝑟𝑠

2(0.85𝑓𝑐
′(𝐵−𝑏)+2𝑓𝑦𝑏)

 = 86.2 mm,  𝑍𝑠𝑛 = 𝑍𝑠 − 𝑏 (
𝐻

2
− ℎ𝑛) (

𝐻

2
+ ℎ𝑛) (

𝑑𝑔

2
− ℎ𝑛) (

𝑑𝑔

2
+ ℎ𝑛) = 125,869 mm3 

Case 3: 

ℎ𝑛 =
0.85𝑓𝑐

′(𝐴𝑐+𝐴𝑛+𝐴𝑠𝑟𝑠)−2𝑓𝑦𝐴𝑛−2𝑓𝑦𝑠𝑟𝐴𝑠𝑟𝑠

2(0.85𝑓𝑐
′(𝐵−𝑏)+2𝑓𝑦𝑏)

= 6.19 mm,  𝑍𝑠𝑛 = 𝑍𝑠,𝑛𝑒𝑡 = 29,597 mm3 

Therefore, Case 2 governs, and 

𝑀𝐵 = 𝑀𝐷 − 𝑍𝑠𝑛𝐹𝑦 − 𝑍𝑐𝑛(0.85𝑓𝑐
′)/2 = 149.8 kN.m 

Point C: 

𝑃𝐶 = 0.85𝑓𝑐
′𝐴𝑐 = 2,166 kN 

𝑀𝐶 = 𝑀𝐵 = 149.8 kN.m 

Point D: 

𝑃𝐷 = 0.85𝑓𝑐
′𝐴𝑐/2 = 1,083 kN 

𝑀𝐷 = 𝑍𝑠,𝑛𝑒𝑡𝑓𝑦 + 𝑍𝑟𝑓𝑦𝑠𝑟 + 𝑍𝑐(0.85𝑓𝑐
′)/2 = 211.7 kN.m 

Figure 14. Calculation details for Example 3 (for 𝐷𝑜 = 90 mm, 𝑆 = 126 mm, and 𝐻 = 185 mm). 

 

Figure 15 compares the P–M diagram predicted using the PSD method with the numerical results from SAP2000.  

 

 
Figure 15. P–M diagram for CECS specimen C1s: simplified PSD method vs. SAP2000 analysis. 

 

5 Conclusions 

 

In this research, the behavior and strength of concrete-encased cellular steel (CECS) columns utilizing cellular 

steel shapes as the internal core are studied. The results indicate that CECS columns are superior to conventional 

concrete-encased steel (CES) columns with wide-flange cores, particularly in situations where higher flexural 

stiffness is required without an increase in self-weight. The proposed simplified plastic stress distribution (PSD) 

method can be used to predict the axial–flexural (P–M) strength diagrams of CECS columns by incorporating the 

influence of web openings in the cellular steel cores. The analytical and numerical results confirm that CECS 

columns can enhance flexural capacity and outperform the parent CES column under large eccentricity (beyond 

point C) of the simplified strength interaction diagram. 
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6 Further research  

 

Further research on CECS columns is recommended. Additional experiments should be conducted on a wider 

range of cellular steel core configurations and properties of concrete encasement and steel reinforcement to validate 

applicability of the simplified PSD method. Numerical simulations will also be beneficial to help design 

experiments for slender and stub CECS columns under larger load eccentricities. 
 
Appendix A: Geometric properties of a cellular shape 

 

This appendix provides geometric properties of a symmetrical cellular steel shape having the design parameters 

shown in Figure A1. 

 

 
Figure A1. Cellular steel shapes with design parameters. 

 

Given that h is the depth of the parent W cross section, the depth H of the cellular shape is:  

 

𝐻 = ℎ +
𝐷𝑜
2
− 𝑙𝑜𝑠𝑠 (A-1) 

 

If loss is minimized, the depth H is:  

 

𝐻 = ℎ +
1

2
√𝐷𝑜

2 − (𝑆 − 𝐷𝑜)
2 (A-2) 

 

The smallest cross section is at the opening centerline. The minimum net area and major-axis moment of inertia 

properties can be computed from the top and bottom tees (2T) as follows. 

 

𝐴𝑛 = 𝐴2𝑇 = 2𝐴𝑇 = 𝐴𝑝𝑎𝑟𝑒𝑛𝑡 − (ℎ − (𝐻 − 𝐷𝑜))𝑡𝑤 (A-3) 

𝐼2𝑇 = 2𝐼𝑇 = 2(
𝑏𝑡𝑓

3

12
+ 𝑏𝑡𝑓 (

𝐻

2
−
𝑡𝑓

2
)
2

) +
1

12
𝑡𝑤(𝐻 − 2𝑡𝑓)

3
−

1

12
𝑡𝑤𝐷𝑜

3 (A-4) 
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Notation 

 

Ac = area of concrete 

An = minimum net area of cellular steel (= 2AT) 

As  = area of structural steel 

Asr = area of longitudinal rebars 

Asrs = area of longitudinal rebars at centroid 

AT  = area of tee section 

B = column width (composite) 

b = width of steel flange 

c = concrete covering thickness 

D = column depth (composite) 

Do = hole diameter (cellular steel) 

𝑑′ = distance from the center of the net cross-section to the tee-section’s centroid  

                                              

Compression tee 
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H = section depth (cellular steel) 

h = section depth (parent steel) 

e = load eccentricity 

𝑓𝑐
′ = unconfined compressive strength (concrete) 

fy = yield strength (structural steel) 

fysr = yield strength (longitudinal rebars) 

hn  = distance from plastic neutral axis to centroid 

Mn = nominal flexural strength  
Pn = nominal compressive strength  
S = center-to-center spacing between holes (cellular steel) 

tf = flange thickness (parent and cellular steel) 

tw = web thickness (parent and cellular steel) 

Zs = plastic section modulus (gross section) about x-axis 

Zs,net = plastic section modulus (net section) about x-axis 
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