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Abstract 

Thin-walled hollow sections such as rectangular hollow sections (RHS) have very high torsional 

rigidity, and thus make a very economic choice for applications which are susceptible to lateral 

torsional buckling. However, as the depth of a thin-walled RHS increases to ensure adequate 

bending stiffness, its depth-to-thickness ratio increases and the section is now susceptible to web-

crippling/local buckling failure. This causes a reduction in its moment rotation capacity. 

Therefore, deep thin-walled RHS are not efficient when used as long un-braced spans that 

require high bending strength and rotational capacity. As such, a new polygonal hollow section 

(PHS) was developed and a research project initiated to compare the PHS to typical RHS via 

experimental and numerical analyses comprising four-point, three-point and cantilever bending 

tests. The results showed that the PHS has almost four times the moment rotation capacity of a 

comparable RHS and the potential to minimize web-crippling failure in thin-walled hollow 

sections.  

Following completion of the flexural bending tests, cantilever bending tests using PHS and RHS 

beams were conducted. The results showed that lateral torsional bending is not significant for 

HSS as the lateral deflections recorded at the top and bottom flanges of all the beams were 

minimal (< 2 mm). 

Finally, numerical analyses were conducted to simulate the bending behavior of PHS beams and 

to consider the effects of varying specimen dimensions that were not considered in the 

experimental program. The results showed that PHS beams have a higher bending moment 

capacity, almost twice that of RHS beams. This is rather remarkable given that the PHS beams 

have 4% lower cross-sectional area and 18% lower moment of inertia than comparable RHS 

beams. It is speculated that the provision of bends in the flanges and webs of the cross-section 
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gave rise to the increase in the moment capacity of the PHS beams. Furthermore, in comparison 

to the CAN/CSA-S16-14 design guidelines, the results showed that within limits of 32 ≤ h/t ≤ 85; 

19 ≤ b/t ≤ 64 the PHS beams can be classified as Class 1 sections while the RHS beams were 

confirmed to be Class 3 and Class 4 sections. 
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1 CHAPTER 1: Introduction 

1.1 Background  

Thin-walled steel hollow structural sections (HSS) are used in many applications in the 

construction industry. The popularity of HSS in the construction industry has increased 

dramatically over the years and currently accounts for approximately 18% of the structural steel 

market in North America. This increased use is due to the fact that engineers have become more 

aware of the advantages of HSS such as their structural efficiency and aesthetics. In addition, 

through research, the perceived difficulties of designing HSS connections have been addressed. 

There are a number of specifications available for the design of HSS members including the 

Canadian steel design standard (CAN/CSA-S16-14), American Institute of Steel Construction 

(ANSI/AISC 360-16), and Eurocode 3 (CEN, 2005a). The moment capacity of HSS is closely 

related to the point at which local buckling occurs during bending, which in turn is dependent on 

the depth-to-thickness ratio of the wall. As such, steel design specifications define different 

classes of cross-sections depending on their depth-to-thickness ratio. These specifications 

provide design procedures for typical shapes such as rectangular, square and circular HSS 

members. However, no guidelines are provided for specialized shapes such as ovals.  

Currently, rectangular hollow sections (RHS) are a common choice in thin-walled hollow 

structural steel designs. They are used in the design of cantilever beams that are susceptible to 

lateral-torsional buckling and in single length and telescoping booms that can span up to 30 

meters. However, as the depth of a RHS increases to ensure adequate bending stiffness, it may 

fail due to local buckling of the compression flange, resulting in a reduced capacity. An elliptical 

hollow section (EHS) can be used to reduce the potential of local buckling (Gardner and 

Ministro, 2004). However, a disadvantage of the EHS is that its curved shape and varying radii 

require specialized manufacturing expertise, especially for welded sections. Furthermore, the 

resistance of the cross-section depends on calculating its “equivalent diameter”, which is 

dependent on the location of the initiation of buckling, and thus also depends on the loading case.  

As a result, a simpler section that can be categorized as a polygonal hollow section (PHS) has 

been proposed as an alternative. PHS have discrete bends in their web and flange rather than a 
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continuous curved shape. This makes them easier to manufacture than EHS but retain many of 

their advantages. The discrete bends are intended to increase the bending strength and rotational 

capacity of the PHS, and therefore reduce the potential for local buckling. Furthermore, the 

corners of the flanges of the PHS cross-section maintain a minimum radius of 3t, where t is the 

wall thickness. This ensures that no microscopic stress cracks and brittle-type failures occur 

during galvanizing. 

Few experimental test results on polygonal cross-sections exist and there is limited 

understanding of their properties and structural performance at both a cross-sectional and 

member level. Tentative design rules based on an elliptical shape, and assumed analogies with 

circular hollow shapes have been proposed by the Steel Construction Institute (SCI, 2003), 

which although rationally based, have no theoretical, numerical or experimental verification 

(Gardner and Ministro, 2004). In addition, the available experimental research on elliptical 

shapes has concentrated mainly on pure axial compression and uniaxial bending (Gardner et al, 

2011). Therefore there is a definite need to carry out more research on polygonal hollow 

structural shapes in order to use them in the design of steel structures such as crane-supporting 

steel structures/booms, high-rise buildings, halls, cantilever bridges, barriers, offshore structures, 

towers and special applications. The proposed PHS herein, due to its distinct bends and section 

properties, has the potential to provide low dead weight, high stability, high rotational capacities, 

and longer spans for hollow structural steel members. 

1.2 Previous Research Studies   

Buckling, which can either be stable or unstable (Li and Reid, 1990; Hancock and Lau, 1988), 

occurs when a structure subjected to compression undergoes large displacements or deflections 

transverse to the load. As more specialized high strength steel structures with thin-walled hollow 

sections are used, buckling needs to be carefully considered. Furthermore, cold-formed steel, 

which is more prone to buckling than hot rolled steel, is increasingly being used (Gardner et al., 

2010).  

Limits on beam slenderness of the webs and flanges in the Canadian steel code (CAN/CSA-S16-

14) are the basis of determining the class of a particular cross-section and consequently when it 
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will undergo local buckling. However, limits are not currently provided for PHS. The current 

typical approach is to model the compression flange of the PHS as an “equivalent” circular 

cross-section.  

Wierzbicki and Abramowicz (1983) proposed a crushing mode of a super folding element to 

predict the mean crushing force of multi-corner prismatic tubes, in particular a hexagonal tube 

and a rhomboidal tube. Rees and Joyce (1996) conducted numerical tests on polygonal hollow 

steel tubes to study the resistance to local buckling but limited the end deflection to a value pre-

set by a load of 44.4 kN while research studies by Gere and Timoshenko (1961), and Prandtl 

(1899) are mainly theoretical and the proposed equations were based on those used to 

design/model thin plates without any experimental justification.  

Singace and E1-Sobky (1997) introduced patterns to thin-walled tubes and altered the crushing 

modes so that better energy absorbing performance could be achieved. In addition, they studied 

the effect of corrugations on the crushing behavior of circular tubes. Their results showed that a 

more uniform load–displacement curve and lower initial peak were obtained while the total 

energy absorption was not improved. 

In one of the most recent studies of buckling in specialized thin-walled hollow structural 

sections, Yamashita et al. (2003) examined the crush behavior of short polygonal stub-columns 

(200 mm long) under axial compression. For octagonal tubes, the mean crushing force was 

theoretically studied and experimentally verified by Mamalis et al. (2003). Rossi et al. (2005) 

conducted an overall numerical comparison of the crushing behavior among square, hexagonal 

and octagonal tubes subjected to dynamic impacts.  

Song et al. (2012) conducted research on the axial crushing of thin-walled structures with 

origami patterns. Finite element analyses in Abaqus/Explicit were used to simulate the crushing 

process of tubes with square, hexagonal and octagonal sections. The results showed that 

patterned tubes have lower initial peaks and more uniform crushing processes than conventional 

tubes, making them more suitable as energy absorbers, especially for crushing applications. 

Furthermore, with optimized design parameters, the numerical results showed that the mean 

crushing force of a patterned tube can be higher than that of a conventional one.  
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Castilho (2018) evaluated the bending resistance of thin-walled regular polygonal tubes. The 

study addressed the effect of cross-section distortions/bends on the buckling resistance of thin-

walled steel tubes with a regular polygonal cross-section. This effect is similar to the ovalization 

effect that occurs in circular tubes, usually designated as the “Brazier effect”. The study further 

analyzed the resistance capacity and compared it to the collapse loads of six and eight-sided 

tubes obtained with (i) shell finite element models, including physically and geometrically non-

linear effects and geometric imperfections, and (ii) the effective width method of Eurocode 3 

(CEN, 2005a), implemented in MATLAB (The Mathworks Inc., 2017); which makes it possible 

to obtain, automatically, the effective cross-section properties and the corresponding bending 

resistance (Castilho, 2018). The comparison of the results obtained with the two different 

methods showed that the effect of the distortions (i.e. bends) is relevant. 

Succinctly, despite the fact that specialized HSS such as the PHS are now common in the 

construction and industrial sectors, there is limited experimental and practical research on these 

sections in the public domain. There is also a lack of proper design guidance and classification 

hindering more widespread use in the industry. 

1.3 Research Objectives 

The main objective of this research is to undertake an experimental study of the structural 

behavior of PHS accounting for dimensional properties and cross-sectional classifications. This 

will include conducting four-point, three-point and cantilever bending tests.  

A parametric study of PHS will then be undertaken with the following objectives: 

a) To replicate the experimental flexural bending tests as this is required to validate the 

finite element models.  

b) To conduct numerical flexural bending tests to further compare the PHS and RHS beams. 

The numerical results will be used to propose a classification for the PHS as there is currently no 

classification of these sections in the Canadian steel code (CAN/CSA-S16-14).  
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To meet the thesis’ objectives, a program consisting of experimental and finite element analyses 

will be undertaken. Finite element analysis is a powerful modelling technique that is ideally 

suited for predicting the structural response and failure loads of steel structures, and specimen. 

However, the numerical predictions need to be validated with experimental test results and there 

is limited practical experimental test research on PHS members in the extant literature. As such, 

the experimental tests herein will encompass a full range of parameters that can be expected in 

realistic buckling and beam bending designs. 

The key parameters that affect the structural performance of a beam include: slenderness (a 

function of the section thickness, t, depth, h, and the length of the beam, L); and support 

conditions (whether simply supported or cantilevered; and whether deflections or twisting can 

occur at the supports). Subsequently, the experimental program herein is divided into three 

phases. In the first phase, the beams will be tested as “simply supported” in four-point bending. 

This test scenario provides a region of constant bending moment and zero shear at the mid-span, 

so that any shear and moment interaction can be avoided. In the second phase, the beams will be 

tested as “simply supported” in three-point bending. In the third phase, more realistic field 

cantilever set-ups will be investigated.  

The objective of the first phase of the experimental tests is to determine the cross-sectional 

capacity of the PHS and RHS sections. The results from the four-point bending tests will be used 

to determine the moment rotation capacities of the PHS and RHS. In this phase, stub-column, 

residual stress and tensile coupon tests will also be conducted. This is required so as to determine 

the material properties of the test beams. The stress-strain data from the stub-columns tests will 

be used to model the numerical PHS and RHS beams, which will then be used to complete the 

parametric study.  

The focus of the second phase is to investigate the cross-sectional capacity of the PHS and RHS. 

However, in this phase, the beams will be tested via three-point bending. Short-span beams will 

be used and as such higher point loads are expected at the loading location than in the four-point 

bending tests. This is intended to be able to compare the buckling strength of the PHS and RHS 

beams.  
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The focus of the third phase of the experimental tests is the global behavior of the PHS and RHS 

as cantilever beams. Research on lateral-torsional buckling is challenging because loading and 

end conditions need to be very carefully controlled (Essa and Kennedy, 1993). The behavior can 

also be affected by the rotational restraint at the ends and loading points, as well as the location 

of the loading with respect to the shear centre. Furthermore, previous research on elliptical and 

rectangular hollow sections suggest that lateral-torsional buckling is not likely until the aspect 

ratio (h/b) increases to three or more (Law and Gardner, 2012); where h and b are height and 

width, respectively. 

1.4 Thesis Overview 

This is a paper-based thesis and it consists of eight chapters:  

Chapter 1 introduces the background and motivation of this research project.  

Chapter 2 introduces the proposed polygonal hollow section. The study compares the moment 

rotation capacities of polygonal hollow sections (PHS) and rectangular hollow sections (RHS) 

via four-point and three-point bending tests.  

Chapter 3 discusses the numerical optimization of the polygonal hollow structural section (PHS). 

The previously conducted full-scale beam bending tests provide data for the calibration of the 

numerical model which is then optimized to further improve its bending stiffness. 

Chapter 4 compares the buckling strength of polygonal hollow sections (PHS) to rectangular 

hollow sections (RHS) via an experimental program consisting of stub-column and three-point 

bending tests. In this study, the analyzed beams have short span to depth ratios (L/h ≤ 3), which 

results in much larger applied loads at failure than would occur with a larger span to depth ratio. 

Chapter 5 compares the use of fibre optic cable sensors to traditional strain gauge sensors via an 

experimental program comprising four-point bending and three-point bending tests. The sensors 

were used to detect the location and initiation of local buckling in thin-walled polygonal hollow 

section (PHS) and rectangular hollow section (RHS) beams. 
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Chapter 6 studies and compares the global cantilever bending behavior of polygonal hollow 

sections (PHS) to that of rectangular hollow sections (RHS). The cantilever tests were conducted 

using an in-house built frame with a torsionally fixed support. 

In Chapter 7, a series of nonlinear finite element analyses are conducted using polygonal hollow 

section (PHS) and rectangular hollow section (RHS) finite element models. The numerical 

models are validated against the experimental test results obtained in Chapter 2.  

Chapter 8 summarizes the work done and provides recommendations for future research.   
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2 CHAPTER 2: Comparison of the Moment Rotation 
Capacities of Rectangular and Polygonal Hollow 
Sections via Experimental Tests 

2.1 Introduction 

Long un-braced beams are susceptible to lateral-torsional buckling (Packer et al., 1996). As such, 

hollow structural sections (HSS) are an obvious choice due to their high torsional rigidity, and 

typically rectangular hollow sections (RHS) are used. However, as the depth of a RHS increases 

to ensure adequate bending stiffness, there is a tendency for its thin web to become unstable, 

undergo web-crippling, and exhibit a reduced moment rotation capacity.  

Research on web crippling failure in thin-walled HSS members subjected to bending is limited. 

Elliptical hollow sections (EHS) achieve high bending and torsional stiffness while avoiding web 

crippling (Gardner and Ministro, 2004). However, a disadvantage of the EHS is that its curved 

shape requires specialized manufacturing expertise, especially for welded sections. Furthermore, 

the resistance of the cross-section depends on calculating its “equivalent diameter”, which is 

dependent on the location of the initiation of buckling and thus also depends on the loading case. 

As a result, a simpler section that can be categorized as a polygonal hollow section (PHS) is 

proposed.  

The proposed PHS, Figure 2-1, approximates an oval hollow section (OHS) and a basic RHS but 

includes discrete bends in its web and flange (Kabanda and MacDougall, 2016), which are easier 

to fabricate than a smoothly curved cross-section. The discrete bends are not only intended to 

reduce the potential for web crippling, but also help minimize the area of the cross-section and 

thus result in a marginally lighter beam. Furthermore, the corners of the flanges of the PHS 

maintain a minimum radius of 3t, where t is the wall thickness. This potentially increases the 

moment rotation capacity, and also ensures that no microscopic stress cracks and brittle-type 

failures occur during galvanizing. 
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Figure 2-1: Illustration of the proposed PHS. 

There is limited research on PHS in the extant literature and there is also a lack of proper design 

guidance hindering more widespread use in the industry. In one of the most recent studies, 

Yamashita et al. (2003) only considered the crush behavior of short polygonal stub-columns (200 

mm long) under axial compression. Rees and Joyce (1996) conducted numerical tests on 

polygonal hollow steel tubes to study the resistance to local buckling but limited the end 

deflections to a value pre-set by a load of 44.4 kN. 

In this study, data from an experimental program comprising four-point bending and three-point 

bending tests is used to compute moment rotation capacities of the proposed PHS and the results 

are compared to those of typical RHS of similar dimensions.  

2.2 PHS and RHS Specimens 

A total of 16 specimens (4 stub-columns and 12 beams), which consisted of 8 PHS and 8 RHS of 

varying lengths, were fabricated. The dimensions of the PHS are listed in Table 2-1. The overall 

nominal dimensions, including the moment of inertia I, of all the 4 cross-sections used to 

construct the PHS and RHS specimens are given in Table 2-2. The RHS were fabricated with a 

single seam weld on the web of the cross-section while the PHS had seam welds on the top and 

bottom flanges of the cross-section. The specimens were all cold-formed members using ASTM 

A500 (Grade C) steel plates. The RHS were Class 3 or 4 as per the Canadian steel design 

tension side, T 

compression side, C 
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standard (CAN/CSA-S16-14) while there is currently no similar classification PHS in 

CAN/CSA-S16-14.  

Table 2-1: Dimensions of the PHS 

Dimension (Fig. 1) PHS305(mm) PHS356(mm) 

b 203 254 

b1 49.5 62 

b2 104 130 

b3 33.5 42 

b4 42 53 

b5 52 64 

h 305 356 

h1 57 66 

h2 191 223 

h3 39.6 46 

h4 17.4 21 

t 6.4 6.4 

Table 2-2: Nominal dimensions of the cross-sections of the RHS and PHS 

Cross-section h(mm) b(mm) t(mm) I(*10
6  

mm
4
) b/t ωo(mm) 

RHS305 305 203 6.4 76 31.7 (Class 3) 0.71 

RHS356 356 254 6.4 129 39.7 (Class 4) 0.97 

PHS305 305 203 6.4 65 N/A 0.91 

PHS356 356 203 6.4 109 N/A 1.01 
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Prior to the bending tests, the dimensions and material properties of the 4 cross-sections listed in 

Table 2-2 were examined via experimental investigations consisting of geometric imperfection 

measurements, tensile coupon tests, residual stress analyses and stub-column tests. The set-up of 

the bending tests is then described. Following completion of the tests, the moment-deflection 

results from the four-point bending tests and moment-strain results from the three-point bending 

tests are provided. 

2.3 Geometric Imperfection Measurements 

During fabrication, distortions of the specimens due to the cold-forming process and welding 

were minimized. Nevertheless, initial geometric imperfections still exist. Geometric 

imperfections can affect the moment and rotational capacity of a specimen (Key and Hancock, 

1993).  

In this study, the geometric imperfections were carefully measured along all of the faces of 

PHS305, PHS356, RHS305 and RHS356 representative sections using an edge ScanArm 

(Appendix B). The representative sections were chosen at mid-length and at two locations 80 

mm from the specimen ends. Each representative section was mounted on a flat table, and the 

ScanArm moved continuously around the faces following a specified path, conscientiously 

guided by a technician to ensure accuracy. The recorded data points were used to determine the 

imperfection amplitude ωo, which is the difference between the recorded and nominal 

dimensions. The values listed in Table 2-2 are the highest ωo calculated for each representative 

section and are all within the permitted limits of the ASTM A500 Standard (ASTM, 2013a).   

2.4 Tensile Coupon Tests 

The tensile stress-strain properties along the faces of the PHS305, PHS356, RHS305, and 

RHS356 were obtained through tensile coupon tests. The coupons were cut from the same length 

of tubes as the stub-column and beam specimens that will be described in the following sections. 

Using an Instron 250 kN hydraulic testing machine (Appendix C), a total of 30 tensile tests were 

completed. The coupons were prepared and tested in accordance with the ASTM A370 standard 

(ASTM, 2009). For the RHS specimens, three flat coupons at locations 1, 2 and 4; and two 

corner coupons at locations 3 and 5 were extracted, Figure 2-2. For the PHS specimens, six flat 
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coupons at locations 6, 9, 10, 11, 12 and 13; and four corner coupons at locations 7, 8, 14 and 15 

were extracted, Figure 2-2. A strain gauge was mounted at the centre of each coupon. 

 

Figure 2-2: Locations of the extracted coupons and residual stress measurements. 

Before the tests, the shoulders of any coupons which were curved after extraction, due to the 

release of longitudinal residual stress, were carefully straightened using a hydraulic bending 

press (Sun and Packer, 2014). This was done to ensure that all coupons fit in the grips of the 

Instron and to study their in-situ tensile behavior.  

The key results from the tensile coupon tests, and the corresponding nominal (mill certificate) 

properties of the investigated specimens are listed in Table 2-3; where fy, and fu are the yield and 

ultimate strengths of the materials respectively, and E denotes Young’s modulus. Typical 

measured stress-strain curves from the PHS and RHS specimens are also shown in Figure 2-3. 

All the curves exhibit a smoothly defined yield point, determined by the 0.2% offset method, 

typical of cold-formed steel. 

 

 



 

13 

 

Table 2-3: Nominal(nom)and experimental(exp)tensile material properties of the PHS and RHS 

Cross-section fy,nom(MPa) fu,nom(MPa) fy,exp(MPa) fu,exp(MPa) E,exp(MPa) 

RHS305 423 478 398 425 202547 

RHS356 486 523 448 494 206384 

PHS305 517 564 513 541 205610 

PHS356 573 521 515 547 209789 

 

 

Figure 2-3: Typical stress-strain curves from the tensile coupons at location 4 for the RHS305 and RHS 356, and 

location 11 for the PHS305 and PHS356. 

2.5 Residual Stress Measurements 

During preparation of the coupons, a few of the extracted coupons were observed to curve away 

from their initial geometry. This is due to the presence of through-thickness bending residual 

stresses, common in cold-formed steel. These stresses were measured using the sectioning 

method, which has been successfully used by various researchers (Gardner et al., 2010; Jiao and 

Zhao, 2003; Key et al., 1988). The representative sections from the geometric imperfection 

measurements were used to complete these tests. Strain gauges were placed on the inner and 
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outer surfaces of each representative section in the longitudinal direction. The strain gauge 

locations are shown in Figure 2-2; locations A – I for the RHS specimens and J – R for the PHS 

specimens. Initial inner and outer strains were recorded and each section was then cut into strips 

with strain gauges on each side. After cutting, the final inner and outer strain measurements were 

recorded for each strip. The cut strips underwent axial deformation and bending due to 

membrane and bending components of the residual stress (Sun and Packer, 2014). 

The recorded initial and final strains were converted to stresses by multiplying by the measured 

Young’s Modulus for each section. These stresses were then used to derive the maximum 

longitudinal residual stress ratio, (σrs/σy)residual-stress, using the Davison and Berkimoe (1983) 

relationship (Appendix D). A limitation of the sectioning method is that it does not capture the 

overall extension and shortening of the cut strips. Nevertheless, for each cross-section, the 

computed maximum longitudinal residual stress ratio, (σrs/σy)residual-stress, is shown in Table 2-4 

and is compared to that obtained via the stub-column tests so as to verify its accuracy. From the 

longitudinal stress measurements, the PHS305 and PHS356 contain about 19% more residual 

stress than the RHS305 and RHS356, and this is due to extra bends of the PHS. 

2.6 Stub-column Tests 

The purpose of the stub-column tests was to determine the overall compressive yield strength of 

the PHS305, PHS356, RHS305 and RHS356 taking into account the effects of the longitudinal 

residual stresses. A total of 4 stub-columns were tested under pure axial compression. The tests 

were carried out using a 300 ton hydraulic jack cylinder, and the test set-up is shown in Figure 

2-4. The stub-columns were cut using a Hydmech band saw (Appendix B), and machined flat, 

parallel and normal to the section axis to ensure a uniform distribution of loading during testing. 

The length of each of the stub-columns was chosen to be at least 3 times the larger cross-section 

dimension in order to avoid overall buckling but still contain the same residual pattern as a much 

longer member from the same stock. The tests were completed in accordance with the procedure 

described by Ziemian (2010).  
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Figure 2-4: General view of the stub-column test set-up. 

For each test, the stub-column was instrumented with electrical strain gauges at the mid-height of 

each section face to monitor local buckling, and four linear potentiometers (LPs) to measure the 

average end-shortening and to ensure proper alignment. The criterion for acceptable alignment, 

which is required to ensure the stub-columns are loaded concentrically, is for the variation 

between strains on any section face, relative to the average strain, to be less than 5%. During 

testing, the alignment of each stub-column was checked at 50% of the expected yield load 

(Ziemian, 2010). The PHS stub-columns showed a higher load carrying capacity than the RHS 

stub-columns. Nevertheless, for all the stub-columns, ultimate failure was due to the high load 

concentration at the ends which induced local buckling of the section walls near the top ends. 

Figure 2-5 shows the typical failure shapes of the PHS and RHS stub-columns. The RHS stub-

columns were expected to undergo local buckling before yielding according to CAN/CSA-S16-

14 (CSA, 2014). In contrast, there are currently no provisions for the PHS stub-columns in 

CAN/CSA-S16-14 (CSA, 2014).  
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Figure 2-5: Typical failure shapes of the PHS305, PHS356, RHS305 and RHS356 stub-columns. 

The key results and normalized compressive stress-strain curves from the stub-column tests are 

shown in Table 2-4 and Figure 2-6, respectively. For each stub-column, the compressive stresses 

f, including the proportional stress limit, fp, and ultimate load stress, fu, were obtained by dividing 

the corresponding compression load by the cross-sectional area, A. The average compressive 

strain over the cross-section was obtained by dividing the end-shortening, δ, by the initial stub-

column length L. For the stub-column tests, the maximum longitudinal compressive residual 

stress values (σrs/σy)stub-column were computed as (1- fp/fy)stub-column. In Figure 2-6, the compressive 

stress-strain curves are normalized using the measured tensile yield strength, fy. The fact that the 

curves are less than unity for these deep sections indicates that inelastic local buckling before 

yielding influenced the maximum load. 

Table 2-4: Key results from the PHS and RHS stub-column and residual stress analyses 

Cross-section L(mm) A(mm
2
) E(MPa) fp(MPa) fu(MPa) (σrs/σy)stub-column (σrs/σy)residual-stress 

RHS305 964 5877 217209 138 301 0.49 0.54 

RHS356 977 7040 208495 129 256 0.44 0.47 

PHS305 1088 5724 207731 159 431 0.61 0.67 

PHS356 1103 6880 215087 164 410 0.58 0.61 
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Figure 2-6: Normalized compressive stress-strain curves for the PHS and RHS stub-columns. 

The longitudinal residual stress measurements, which were verified by the stub-column tests, 

showed that the PHS specimens did contain 19% more residual stress than the RHS specimens, 

Table 2-4. This can be attributed to the higher degree of cold forming for the PHS specimens. 

Nevertheless, the residual stress measurements for all specimens were within acceptable limits 

for cold formed steel (Cruise and Gardner, 2008). Residual stresses cause a variation in 

resistance between -2% and 10%. This minimal variation results principally from the effect of 

the bending residual stresses on the non-linearity of the stress–strain curve (Jandera et al., 2008), 

and was deemed acceptable for the bending tests that proceeded.  

2.7 Beam Bending Tests 

A series of bending tests were conducted on PHS305, PHS356, RHS305 and RHS356 beams to 

compare deflections, failure moments, and rotational capacities. A total of 12 tests were 

completed which consisted of four-point bending and three-point bending tests. 

2.7.1 Four-point beam bending tests 

Four-point bending provides a central region of uniform bending moment and zero shear force. 

The four-point bending tests herein consisted of 4 beams fabricated from the PHS305, PHS356, 

RHS305 and RHS356 cross-sections. The PHS beams were labeled as PHS305A1 and 
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PHS356A1, and the RHS beams were labeled as RHS305A1 and RHS356A1. Figure 2-7 shows 

the set-up of the four-point bending tests. The length L of all the beams was fixed at 3500 mm.   

 

Figure 2-7: Illustration of the four-point bending test schematic. 

 

Figure 2-8: End support plates for the PHS sections. 

 

Figure 2-9: End support plates for the RHS sections. 
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The tests were performed using a 1200 kN Riehle testing machine at a displacement controlled 

rate of 2 mm/min, Figure 2-10. The simple support conditions were achieved by means of steel 

rollers (51 mm in diameter), and the beams were extended approximately 65 mm beyond each 

end support. The beams were fitted with steel end caps, 6.4 mm thick and the supports and 

loading points consisted of profiled plates that matched the shapes of the PHS and RHS sections, 

with a width of 152 mm and a depth of 51 mm, to ensure adequate bearing resistance, Figure 2-8 

and Figure 2-9. Cylindrical steel rollers were placed between the spreader beam and the profiled 

plates. For each beam, electrical strain gauges were attached to each web and flange, Figure 2-7. 

This was done at the centre and at 500 mm from either side of the centre of the beams, for a total 

of twenty two strain gauges. To measure deflection, linear potentiometers (LPs) were positioned 

at the centre, loading points and at the supports of each beam. Furthermore, for each beam, a 

fibre optic cable was placed along its web, 20 mm from each flange (Figure 2-7). This enabled 

the beam’s curvature to be calculated from both the strain gauge and fibre optic cable 

measurements, Figure 2-21. A load cell was used to measure the applied load. 

 

Figure 2-10: General view of the four-point bending test set-up. 
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Figure 2-11 and Figure 2-12 show the bending moment-deflection curves from the four-point 

bending tests. The mid-span moments are plotted against the mid-span deflections. In Figure 

2-11, the PHS305A1 beam attained a maximum bending moment of 305 kNm at a deflection of 

50 mm. Contrariwise; the RHS305A1 beam attained a maximum bending moment of 172 kNm 

at a deflection of 23 mm. Similarly, in Figure 2-12, the PHS356A1 beam attained a maximum 

bending moment of 416 kNm at a deflection of 64 mm while the RHS356A1 beam attained a 

maximum bending moment of 218 kNm at a deflection of 29 mm. These results show that the 

PHS beams have a higher bending moment capacity, almost twice that of the RHS beams. This is 

rather remarkable given that PHS beams have a lower cross-sectional area and moment of inertia 

than comparable RHS beams. It is speculated that the provision of the extra bends in the PHS 

beams help minimize local buckling of the cross-section (Guarracino, 2003), and this 

significantly improves the bending and rotational capacity of the PHS beams. 

Figure 2-13 shows typical failure shapes of the PHS and RHS. Web-crippling/local buckling due 

to the concentrated loads is more pronounced in the RHS beams (Figure 2-13 (b)) than the PHS 

beams (Figure 2-13 (a)). Web-crippling at the loading points induced the premature failure 

before yielding of the RHS beams. Contrariwise, for the PHS beams web-crippling was minimal 

and only occurred after yielding, and thus did not adversely affect their moment capacities. 

 

Figure 2-11: Bending moment-deflection curves for the RHS305A1 and PHS305A1 beams. 
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Figure 2-12: Bending moment-deflection curves for the RHS356A1 and PHS356A1 beams. 

 

                            (a)                                                                    (b) 

Figure 2-13: Typical deformed shapes of the PHS (a) and RHS (b) beams from the four-point bending tests. 
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2.7.2 Three-point beam bending tests 

The three-point bending tests consisted of 8 beams fabricated with the PHS305, PHS356, 

RHS305 and RHS356 dimensions. The geometric properties of the cross-sections are listed in 

Table 2-2. The PHS beams were labeled as PHS305B2 (L = 1190 mm), PHS305B1 (L = 1230 

mm), PHS356B2 (L = 1170 mm), and PHS356B1 (L = 1140 mm). The RHS beams were labeled 

as RHS305B2 (L = 1190 mm), RHS305B1 (L = 1230 mm), RHS356B2 (L = 1170 mm), and 

RHS356B1 (L = 1140 mm). For the PHS305B2, PHS356B2, RHS305B2, and RHS356B2 

beams, wooden blocks were inserted into the specimens at the loading point to prevent local 

bearing failure (Gardner et al., 2010). 

The symmetrical, simply supported three-point bending test arrangement and general view are 

shown in Figure 2-14 and Figure 2-15, respectively. The simple support conditions were 

achieved by means of steel rollers (51 mm in diameter), and the beams were extended 

approximately 65 mm beyond each end support. The beams were fitted with steel end caps, 6.4 

mm thick and the supports and loading points consisted of profiled plates that matched the 

shapes of the PHS and RHS sections, with a width of 152 mm and a depth of 51 mm, to ensure 

adequate bearing resistance. For each beam, electrical strain gauges were attached to each web 

and flange, to measure the change in strain. This was done at the centre and at 100 mm from 

either side of the loading point of each beam, Figure 2-14. The tests were displacement 

controlled at a rate of 1.0 mm/min, and were completed using a 300 ton hydraulic jack cylinder. 

A cylindrical steel roller was placed between the hydraulic jack cylinder and the profiled plate at 

the loading point. 

 

Figure 2-14: Illustration of the three-point bending test schematic. 
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Figure 2-15: General view of the three-point bending test set-up. 

Figures 2-16 to 2-19 show the moment-strain comparison graphs from the three-point bending 

tests. The mid-span moments are plotted against the strains which were recorded using a strain 

gauge at the centre of the bottom flange of each beam. The specimens had short span to depth 

ratios (L/h ≤ 3), which allowed for much larger applied loads at failure than would occur with a 

larger span to depth ratio, and strain measurements were preferred as they would be more 

accurately measured than deflections. Similar to the four-point bending tests, the graphs show 

that the PHS beams have a bending moment capacity almost twice that of the RHS beams.  

Due to the high concentrated loads, the beams used to complete the three-point bending tests 

experienced local buckling failure at the loading point. This was more evident in the RHS305B1 

and RHS356B1 beams (Figure 2-20 (b)) whose moment capacity was greatly reduced due to the 

local buckling failure. In contrast, the PHS305B1 and PHS356B1 (Figure 2-20 (a)) were not as 

affected which is further evidence that the PHS has the potential to minimize local buckling 

failure. 
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Figure 2-16: Bending moment-strain curves for the RHS305B2 and PHS305B2 beams. 

 

Figure 2-17: Bending moment-strain curves for the RHS356B2 and PHS356B2 beams. 
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Figure 2-18: Bending moment-strain curves for the RHS305B1 and PHS305B1 beams. 

 

Figure 2-19: Bending moment-strain curves for the RHS356B1 and PHS356B1 beams. 
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               (a)                                                                      (b) 

Figure 2-20: Typical deformed shapes of the PHS (a) and RHS (b) beams from the three-point bending tests. 

2.8 Computation of Moment Rotation Capacities 

The rotational capacity of a beam is defined as its ability to rotate such that a plastic mechanism 

can be formed and moments redistributed. This occurs when the beam supports a constant 

moment while rotating through a finite angle, enabling additional loads to be transferred to lesser 

stressed sections. At the ultimate capacity, sufficient plastic hinges will form causing the beam or 

a portion thereof to become a mechanism (Driscoll, 1957).  

Shear forces and residual stresses tend to minimize the rotational capacity of a beam. However, 

shear forces generally occur in a steep moment gradient region where strain hardening occurs 

counteracting its detrimental effect and residual stresses reduce the yield load of a beam but the 

predicted plastic hinge moment is typically achieved (Driscoll, 1957). In contrast, the geometry 

of a beam profoundly affects its rotational capacity, and as such the rotational capacities of the 

two different cross-sections herein are compared. 

The moment rotation capacity R is (Bruneau et al., 2011):  

R = Кrot/ Кpl - 1                                                                                                                 (Eqn. 2-1) 

where Кpl is the curvature corresponding to the plastic moment, and Кrot is the curvature upon 

reaching the plastic moment on the unloading path, Figure 22.  Equation 2-1 has been used by 

numerous researchers to quantify the moment rotation capacity of different types of beams 

(Wang et al., 2013; Stranghoner et al., 1994; Mazzolani and Piluso, 1993; Kato, 1991).  
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In the CAN/CSA-S16-14 (CSA, 2014) and European specifications (Eurocode 3: Design of Steel 

Structures, 2005), beam cross-sections are classified as Classes 1-4. Class 1 sections can attain 

the plastic moment and have a plastic rotational capacity sufficient for plastic design. Class 1 

sections are expected to have R > 3, though some standards require R > 4 (Bruneau et al., 2011; 

Wardenien et al., 2002). Class 2 sections can develop the plastic moment but have limited 

rotational capacity and are considered unsuitable for plastic hinge formation. Class 3 sections can 

reach the yield moment, but cannot attain the plastic moment due to local buckling. Class 4 

sections cannot reach the yield moment due to local buckling. Class 3 and Class 4 sections 

generally have R < 3. 

For the PHS and RHS beams herein, moment-curvature (M-К) graphs were obtained from the 

completed four-point and three-point bending tests. The curvature К was calculated as the 

inverse of the slope of the trend line of the strain readings at the mid-span length and across the 

depth of each beam, for a given mid-span moment, M, Figure 2-21. The plastic moment, Mpl, 

was calculated using the measured tensile yield strength from the coupon tests, and Кpl and Кrot 

were obtained as illustrated in Figure 2-22 for each beam. In tests where Кrot was not attained, 

the maximum recorded curvature Кmax was used in its place (Gardner et al., 2010).  

 

Figure 2-21: Determination of the curvature, К for a given mid-span moment, M. 
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Figure 2-22: Sample moment vs curvature (M-К) graph (Gardner et al., 2010). 

Figures 2-23 to 2-28 show the moment-curvature (M-К) graphs from the four-point and three-

point beam bending tests, where the mid-span moments are plotted against the beam’s curvature. 

The graphs are arranged such that comparisons can be made between the PHS and RHS sections. 

The key results from the moment-curvature analyses are also presented in Table 2-5. 

For the four-point bending tests, Figure 2-23 shows that the PHS305A1 beam has almost 4 times 

the curvature at failure of the RHS305A1 beam. Its calculated R is 5.2 while that of the 

RHS305A1 beam is < 3. Similarly, in Figure 2-24, the PHS356A1 beam at failure has almost 4 

times the curvature of the RHS356A1 beam, with its R computed to be 4.7 while that of the latter 

is < 3.  

For the three-point bending tests, it can be observed in Figure 2-25 that the PHS305B2 beam at 

failure has almost 3 times the curvature of the RHS305B2 beam. Its calculated R is 5.1 while that 

of the RHS305B2 beam is < 3. In Figure 2-26 the PHS356B2 beam at failure also has almost 3 

times the curvature of the RHS356B2 beam, with its computed R at 4.8 while that of the latter is 

< 3.  
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For the three-point bending tests without any wooden blocks inserted in the beams to minimize 

local bearing failure, Figure 2-27 shows that the curvature of the PHS305B1 beam at failure is 

almost 3 times that of RHS305B1 beam. Its calculated R is 3.7, only slightly > 3, while that of 

the RHS305B1 beam is < 3. Finally, in Figure 2-28, the PHS356B1 at failure has almost 3 times 

the curvature of the RHS356B1 beam. However, both their calculated R are < 3. 

The tested RHS305 and RH356 beams herein are Class 3 and Class 4, respectively (CSA, 2014). 

Therefore, the fact that all these sections had R < 3 was expected. The failure of these sections in 

the four-point and three-point bending tests was due to local buckling in the elastic range. Web-

crippling at the loading point was also more pronounced in the RHS beams. 

The tested PHS305 and PHS356 beams, except for PHS305B1 and PHS356B1, had R > 4. Their 

rotational capacities were almost four times those of the RHS beams with similar dimensions, 

Table 2-5. Note that the PHS beams actually have a slightly lower cross-sectional area and lower 

moment of inertia than the comparable RHS beams. It is therefore remarkable that the PHS 

beams, through the provision of the bends in their flanges, were able to avoid this pre-mature 

local buckling failure. Consequently, they achieved higher rotational capacities.  

For the PHS305B1 and PHS356B1 beams, due to the high concentrated loads and lack of any 

bearing resistance at the loading point, these beams experienced local buckling failure and thus 

were not able to attain their full rotational capacities. Nevertheless, their rotational capacities 

were still higher than those of the RHS305B1 and RHS356B1 beams.  

These results show that there is a clear benefit to providing “bends” in the compression and 

tension flanges of thin-walled sections. Although further testing and modeling is needed to 

confirm, it is likely that the bends of the PHS help minimize ovalization of its cross-section 

(Guarracino, 2003), and so reduce the potential for local buckling and significantly improve the 

rotational capacity.  
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Figure 2-23: Moment-curvature graph for the RHS305A1 and PHS305A1 beams. 

 

Figure 2-24: Moment-curvature graphs for the RHS356A1 and PHS356A1 beams. 
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Figure 2-25: Moment-curvature graphs for the RHS305B2 and PHS305B2 beams. 

 

Figure 2-26: Moment-curvature graphs for the RHS356B2 and PHS356B2 beams. 



 

32 

 

 

Figure 2-27: Moment-curvature graphs for the RHS305B1 and PHS305B1 beams. 

 

Figure 2-28: Moment-curvature graphs for the RHS356B1 and PHS356B1 beams. 
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Table 2-5: Key results from the moment rotation capacity analyses 

Beam ID Bending Test Mpl(MPa) Кpl(*10
-6  

mm
-1

) Кu(*10
-6  

mm
-1

) Кrot(*10
-6  

mm
-1

) R 

RHS305A1 Four-point 199 13.8 14.1 14.5 < 3 

PHS305A1 Four-point 214 14.1 63.5 86.8 5.2 

RHS356A1 Four-point 324 8.5 8.8 10.4 < 3 

PHS356A1 Four-point 307 12.3 59.1 69.1 4.7 

RHS305B2 Three-point 199 9.8 24.8 27.9 < 3 

PHS305B2 Three-point 214 11.1 55.5 68.0 5.1 

RHS356B2 Three-point 324 10.6 17.0 20.7 < 3 

PHS356B2 Three-point 307 10.9 44.0 63.1 4.8 

RHS305B1 Three-point 199 9.3 13.9 16.0 < 3 

PHS305B1 Three-point 214 10.2 39.0 48.1 3.7 

RHS356B1 Three-point 324 9.4 9.7 10.7 < 3 

PHS356B1 Three-point 307 9.2 26.8 34.8 < 3 

2.9 Conclusions 

A series of comparative four-point and three-point bending tests have been conducted on a 

proposed polygonal hollow section (PHS) and typical rectangular hollow sections (RHS). The 

purpose of these tests was to compare the moment rotation capacities of the PHS and RHS 

beams. Geometric imperfection tests showed that any imperfections of the cross-sections were 

within permitted limits. The residual stress and stub-columns tests revealed that the residual 

stress measurements for all specimens were within acceptable limits for cold formed steel (30% - 

70%).  

For the PHS tested herein, the “flat portions” of the compression flange and web were reduced 

by about 25% and 37%, respectively, from a comparable RHS. The PHS beams thus had a lower 

cross-sectional area and lower moment of inertia than the comparable RHS beams. Nevertheless, 
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the results of this experimental study showed that the proposed PHS has a higher moment 

capacity and almost 4 times the rotational capacity of the RHS. Though more tests are required 

for a definite conclusion, it is likely that the bends of the PHS helped minimize ovalization of its 

cross-section which reduced the potential for local buckling and thus significantly improving the 

rotational capacity.  

Therefore, due to its higher rotational capacity and potential to minimize web-crippling, the PHS 

offers a solution to deep thin-walled beams that are used in long un-braced spans which are 

susceptible to local buckling failure. 
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3 CHAPTER 3: Optimization of the Stiffness of 
Polygonal Hollow Structural Steel Sections 

3.1 Introduction 

In the construction industry and other engineering sectors, square, rectangular, circular, and other 

specialized steel hollow structural sections (HSS), shown in Table 3-1, have become more 

widely used due to their structural efficiency and aesthetics (Wardenien et al., 2002). More 

recently polygonal hollow structural sections (PHS) have been proposed. The advantage of the 

PHS is the increase in bending strength and rotational capacity it offers as the number of corners 

of its cross-section increases (Yamashita et al., 2003).  

Table 3-1: Examples of specialized steel hollow structural sections (Wardenien et al., 2002) 

 
 

A PHS has the overall morphology of a RHS but includes bends in its web and flange, as shown 

in Figure 2-1, to reduce the potential for local buckling. Another way to minimize the potential 

of local buckling is to use an elliptical hollow section (EHS). However, a disadvantage of the 

EHS is that its constantly changing radius requires specialized manufacturing expertise, 

especially for welded sections. In contrast, the flanges of the PHS are easier to fabricate as they 

require only a discrete number of plate bends rather than a continuous curvature. Furthermore, 

the corners of the flanges of the PHS maintain a minimum radius of 3t, where t is the wall 

thickness. This increases its rotational capacity, and ensures that no microscopic stress cracks 

and brittle-type failures occur during galvanizing. 

The PHS shown in Figure 2-1 is used in cantilever and bending applications so that compression 

occurs primarily in the bottom flange. The additional bends on the bottom flange maximize 

resistance to local buckling while minimizing weight. This does mean the PHS is not symmetric 

about its horizontal axis and a reversal of loading could lead to local buckling of the top flange. 

In practice, however, reversal of loading rarely occurs.  
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Research on PHS beams for engineering applications is still limited. In one of the most recent 

studies, Yamashita et al., 2003 only considered the crush behavior of short PHS stub-columns 

(200 mm long) under axial compression, and there is also a lack of proper design guidance 

hindering more widespread use in the industry. As a result, a full-scale experimental four-point 

flexural bending test program using a proposed cross-section of the PHS was initiated. The 

results are used for calibration of the numerical model used to complete the optimization study 

herein. 

3.2 Objective 

The purpose of this optimization study is to obtain the optimal cross-sectional properties of a 

PHS that maximize its bending stiffness. Experimental tests would be too costly for this purpose.  

To achieve this objective, an optimization process is carried out by numerically varying the 

cross-sectional dimensions of the proposed cross-section of the PHS beam with the objective 

function of minimizing deflection, and thus increasing stiffness.  

3.3 Methodology 

An optimization analysis requires an objective function, design variables, and a state variable. 

The objective function is the parameter being optimized. The design variables are the parameters 

that are varied to change the objective function, and the state variable provides a constraint or 

constraints on the system.  

The numerical optimization and finite element analyses herein were completed in ANSYS 

Mechanical APDL 15.0. The initial dimensions of the proposed cross-section of the PHS beam 

are listed in Table 3-2 and described in Figure 2-1.  
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Table 3-2: Initial Dimensions of the proposed cross-section of the PHS beam 

Design Variable Length (mm) 

b 203 

b1 49.5 

b2 104 

b3 33.5 

b4 42 

b5 52 

h 305 

h1 57 

h2 191 

h3 39.6 

h4 17.4 

t 6.4 

The goal of each optimization analysis was to increase the elastic bending stiffness of a PHS 

beam. A finite element model of a PHS beam under four-point bending was developed and its 

maximum deflection was used to represent the overall stiffness. Consequently, the objective 

function of the optimization analysis was set to minimize the mid-span deflection with a stopping 

tolerance of 2% of the initial deflection.  

The moment of inertia of a beam is dependent on its cross-sectional dimensions. These 

dimensions, which are the design variables, were varied in the optimization analysis and as a 

result the moment of inertia changed. The design variables which were used in the optimization 

analyses herein are: 

2*b1 + b2 ≤ b                                                                                                              (Eqn. 3-1)                                                                                      

2*b3 + 2*b4 + b5 ≤ b                                                                                                   (Eqn. 3-2) 

h1 + h2 + h3 + h4 ≤ h                                                                                                     (Eqn. 3-3) 
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The original values of the design variables b1, b2, b3, b4, b5, h1, h2, h3, h4 are provided in Table 

3-2. The values of b (overall PHS width), and h (overall PHS depth) are constant and their values 

are provided in Table 3-2. The original PHS thickness t is given in Table 3-2. It is constant for 

some of the optimization analyses, while in others it was permitted to vary. Furthermore, a state 

variable that constrained the FE models within acceptable design limits was implemented. The 

state variable herein was the cross-sectional area of the PHS which was either kept constant or 

allowed to increase up to 20% of the original. Finally, for each optimization analysis, the mesh 

size was kept constant, and only hexahedral elements were used.  

The design optimization was completed via a first order analysis method (Huebner et al., 2001). 

This method is an iterative procedure, and the steps involved are described below:  

i) Start with an initial design or cross-section x
0
. Set the iteration counter k = 0. 

ii) Calculate the displacement or deflection vector u(x
k
) for the current design by performing 

a finite element (FE) analysis: K(x)u(x) = F(x), where K and F are the stiffness and force vectors, 

respectively. 

iii) For the current design or cross-section x
k
, calculate the objective function, the constraint 

functions and determine their gradient, ▽g(x
k
). For optimization problems, the local (global) 

minima are located at points for which the gradient is zero. 

iv) For each x
k
 formulate an explicit, convex approximation S

k
 for the problem.  

v) Solve S
k
 via an optimization algorithm such as the Taylor Series to give a new design or 

cross-section x
k+1

.  

vi) Set k = k+1 and return to step ii) unless a stopping criterion or tolerance is satisfied. 

3.4 Verification of the Finite Element Model 

In order to accurately complete the optimization study, the FE model of the PHS beam was 

initially verified. The verification process involved comparing the numerical deflection at the 

mid-point of the beam to the corresponding theoretical deflection.  
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The numerical analyses were conducted up to load, P, of 200 kN. This load is the elastic limit as 

determined from the experimental tests. The beams analysed were made of cold-formed steel (Es 

= 200,000 MPa), 3658 mm in length. The moment of inertia was varied during the optimization 

analysis as the cross-sectional dimensions changed. The beam supports and loading points 

consisted of profiled plates to match the shape of the PHS, as shown in Figure 3-1, with a width 

of 152 mm to ensure adequate bearing resistance. The loading points were 1000 mm apart (L2).  

 

Figure 3-1: 3-D FE model of the proposed PHS 

The FE model of the PHS beam was built using hexahedral Solid185 brick elements in ANSYS 

APDL 15.0, and all the design variables were defined parametrically. The bottom-up meshing 

technique was used for the 3-D model. The mesh size (1 mm x 1 mm), which controlled the 

number of brick elements, was dependent on the available computing power, and the required 

level of accuracy.  

The distance between the support points, L, was 3500 mm, and each of the point loads was 1250 

mm (L1) from the support points.  

Based on the initial design variables, a FE model with 50,656 Solid185 brick elements and a load 

P of 200 kN, the mid-point deflection of the proposed PHS beam was determined to be 10.53 

mm, with a moment of inertia of 69.3*10
6
 mm

4
. On the other hand, the theoretical equation for 

the maximum deflection at the mid-point of a beam in four-point bending with this moment of 
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inertia predicted 11.4 mm. The obtained numerical and theoretical solutions differ by only 7.6%, 

which was deemed to be reasonable agreement. This discrepancy is likely due to differences in 

loading (point loads versus loading through plates in the finite element model) and support 

conditions (true pin and roller supports versus plate supports in the finite element model).   

3.5 Design Optimization 

In order to investigate the effect of the cross-section shape on the elastic stiffness of a PHS beam, 

three optimization analyses were conducted. The first analysis investigated how close the 

original cross-section was to an “optimized” shape in terms of elastic stiffness. Only the vertical 

dimensions of the webs, y4 and y5, were permitted to vary. The updated cross-section was 

constrained to have the same plate thickness, t, and cross-sectional area, as the original.  

 

Figure 3-2: Deflection vs design sets for the first optimization analysis 

Figure 3-2 shows the maximum midpoint deflections of the PHS beam as the design variables 

were changed. Each specific set of new design variables is termed a “Set Number” with Set 1 

representing the original cross-section. The minimum deflection was obtained for the Set 5 

parameters. Figure 3-3 shows the cross-section (b) corresponding to Set 5, with a reduced web 

depth, h2 and for comparison, the original cross-section (a). The Set 5 dimensions are listed in 

Table 3-3. 
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(a)               (b)    
 

Figure 3-3: Comparison of (a) the original cross-section, and (b) the Set 5 cross-section 

In the first analysis, the optimized cross-section has a 4.3% higher flexural stiffness compared to 

the original. This increase was obtained by significantly reducing the height of the web, h2, by 

26.7% (Table 3-3). It is possible that the slender web dimension h2 in the original cross-section 

leads to ovalization of the PHS beam during bending, which lowers its stiffness (Guarracino, 

2003). Therefore, by reducing h2 in Set 5 the flexural stiffness is increased. This increase, 

however, is quite modest, suggesting the original cross-section was already close to “optimum” 

in terms of flexural stiffness. 

In the second optimization, all the constraints, including the thickness, were relaxed somewhat 

with the overall cross-sectional area permitted to increase up to 20% of the original. The cross-

sectional dimensions in Set 5, Set 6, and Set 7 provided the lowest deflections, Figure 3-4. 

However, the cross-sectional areas for Set 5 and Set 6 exceeded the area of the original by more 

than 20%. Thus Set 7 was chosen as the optimum solution. 
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Figure 3-4: Deflection vs design sets for the second optimization analysis 

The Set 7 cross-section, whose dimensions are shown in Table 3-3, increased the stiffness of the 

PHS beam by 40.5%. As would be expected, the flexural stiffness can be increased with more 

area located away from the centroid, and this optimized cross-section significantly increased the 

area of its top and bottom flanges by 19.6%, Figure 3-6(a). 

With the final optimization analysis, Figure 3-5, all the design variables, b1, b2, b3, b4, b5, h1, h2, 

h3, h4, and t were allowed to change. However, the total cross-sectional area was kept constant in 

relation to the original cross-section. 

 

Figure 3-5: Deflection vs design sets for the final optimization analysis 
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Table 3-3: Dimensions of the different cross-sections of the PHS beam 

Design 

Variable 

Set 5 Length    

(mm) 

Set 7 Length    

(mm) 

Set 4 Length      

(mm) 

b 203 203 203 

b1 49.5 41.55 49.6 

b2 104 119.9 103.8 

b3 33.5 28.6 34.8 

b4 42 46.3 40.7 

b5 52 53.2 52 

h 305 305 305 

h1 112.5 79.8 61.3 

h2 140 169.8 186.3 

h3 35.1 47.3 49.3 

h4 17.4 8.1 8.1 

t 6.4 N/A N/A 

In the final optimization analysis, the cross-sectional dimensions of Set 4 resulted in the lowest 

deflection. This cross-section, Figure 3-6(b), increased the stiffness of the PHS beam by 9.4% 

with no increase in the overall area.  

(a)          (b)    
 

Figure 3-6: Illustration of the cross-sections from Set 7 (a), and Set 4 (b) 
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The reduction of the deflection of the PHS beam was achieved by reducing the height h2 of its 

web (Table 3-3) while redistributing more of its cross-sectional area to the tension flange, as 

shown in Figure 3-6(b). This helped minimize ovalization during bending, and consequently 

increased the stiffness of the PHS beam. Note that both of the optimized sections in Figure 3-6 

have variable wall thicknesses. This certainly would make fabrication more costly; however 

these sections could be obtained through steel castings (Baddoo, 1996). 

3.6 Conclusions 

An optimization algorithm proposed by Huebner et al. (2001) has been adopted in this paper to 

investigate the bending stiffness of polygonal hollow structural sections. An elastic finite 

element model using a commercial package was used to predict the deflections of a PHS 

subjected to four-point bending. The following conclusions were drawn from this work:  

1) The numerical optimization process is feasible. Solutions were found to typically 

converge in 5 iterations. The design optimization method and FE analyses offer an inexpensive 

method of optimizing the cross–section of structural sections compared to experimental testing. 

2) Constraining the algorithm so that no increase in cross-sectional area is permitted, an 

optimized PHS was obtained that had a 9.4% higher bending stiffness compared to the original 

section.  

3) Allowing the algorithm to increase the total cross-sectional area, an optimized PHS was 

obtained that had a 40.5% higher bending stiffness, with only a 19.6% increase in area, 

compared to the original section.   

4) Both optimized sections have a variable wall thickness, which may not be the most 

economical from a fabrication perspective.  
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4 CHAPTER 4: Comparative Experimental Investigation 
of the Effects of Local Buckling on Polygonal and 
Rectangular Hollow Structural Sections 

4.1 Introduction 

Thin-walled rectangular hollow structural sections have very high torsional rigidity, and thus 

make a very economic choice for applications which can be susceptible to lateral torsional 

buckling (e.g. long unbraced cantilever beams). However, as the depth of a RHS increases to 

ensure adequate bending stiffness, it may fail due to local buckling of the compression flange, 

resulting in a reduced capacity.  

An elliptical hollow structural section (EHS) can be used to reduce the potential of local 

buckling (Gardner and Ministro, 2004). However, a disadvantage of the EHS is that its curved 

shape and varying radii require specialized manufacturing expertise, especially for welded 

sections. Furthermore, the resistance of the cross-section depends on calculating its “equivalent 

diameter”, which is dependent on the location of the initiation of buckling, and thus also depends 

on the loading case. As a result, a simpler section that can be categorized as a polygonal hollow 

structural section (PHS) will be investigated in this chapter.  

4.1.1 Proposed polygonal hollow structural section 

The proposed PHS cross-section has an overall morphology similar to a RHS cross-section but 

includes discrete bends in its web and flange, Figure 2-1. This is easier to fabricate than a 

continuous curvature. The bends increase the bending strength and rotational capacity of the PHS 

section, and thus reduce the potential for local buckling. As would be expected in a cantilever 

beam, the top flange is in tension and the bottom flange is in compression. Furthermore, the 

corners of the flanges of the PHS maintain a minimum radius of 3t, where t is the wall thickness. 

This increases its rotational capacity, and ensures that no microscopic stress cracks and brittle-

type failures occur during galvanizing (Kabanda and MacDougall, 2017). The dimensions of the 

variables of the PHS used in this study are listed in Table 4-1. 
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Table 4-1: Dimensions of the variables of the proposed PHS cross-section. 

Dimension 
(Fig. 2-1) 

PHS356 
(mm) 

PHS305 
(mm) 

b 254 203 

b1 62 49.5 

b2 130 104 

b3 42 33.5 

b4 53 42 

b5 64 52 

h 356 305 

h1 66 57 

h2 223 191 

h3 46 39.6 

h4 21 17.4 

t 6.4 6.4 

There is little design guidance for PHS in the extant literature. In this chapter, PHS beams (PHS 

356x254x6.4 mm and 305x203x6.4 mm) are compared to RHS beams of similar dimensions 

(RHS 356x254x6.4 mm and 305x203x6.4 mm) via an experimental program comprising of stub-

column and three-point bending tests. The objective of the three-point bending tests is to 

examine the behavior of PHS beams under concentrated loads. It is well-known that typical wide 

flange sections can be susceptible to web crippling or yielding under concentrated loads or at 

supports. The Canadian steel code (CAN/CSA-S16-14), for example, provides design equations 

to calculate the resistance of wide flange sections under concentrated loads (CSA, 2014). For 

loads that exceed this resistance, welded web stiffeners may be provided. There is no similar 

guidance, however, for PHS.  
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4.2 Experimental Investigation 

A total of eight specimens were fabricated, which included four PHS beams with seam welds on 

the top and bottom flanges of the cross-section and four RHS beams with a single seam weld on 

the web of the cross-section. The specimens were all cold formed members with ASTM A500 

(Grade C) steel plate. 

4.2.1 Stub-column tests 

A total of 4 stub-columns (2 PHS and 2 RHS) were tested under pure axial compression to 

determine their compressive yield strength. The tests were carried out using a 300 ton hydraulic 

jack cylinder, and the test set-up is shown in Figure 2-4. The stub-columns were cut using a 

Hydmech band saw, and machined flat, parallel and normal to the section axis to ensure a 

uniform distribution of loading during testing (Appendix B). The length of each of the stub-

columns was chosen to be at least 3 times the larger cross-section dimension in order to avoid 

overall buckling but still contain the same residual pattern as a much longer member. The tests 

were completed in accordance with the procedure described by Ziemian (2010).  

For each test, the stub-column was instrumented with electrical strain gages at the mid-height of 

each section face, and four linear potentiometers (LPs) to measure the average end-shortening 

and to ensure proper alignment. The criterion for acceptable alignment, which is required to 

ensure the stub-columns are loaded concentrically, is for the variation between strains on any 

section face, relative to the average strain, to be less than 5%. During testing, the alignment of 

each stub-column was checked at 50% of the expected yield load (Ziemian, 2010). For all the 

stub-columns, ultimate failure was due to local buckling of the section walls near the fixed ends, 

either before yielding for the RHS or subsequent to the onset of yielding for the PHS. 

The key results and typical stress-strain curves from the stub-column tests are shown in Table 

4-2 and Figure 4-1, respectively. For each stub-column, the average compressive stress over the 

cross-section (f) was obtained by dividing the compression load by the cross-sectional area (A). 

The average compressive strain over the cross-section was obtained by dividing the end-

shortening (δ) by the initial stub-column length (L). The yield strength (fy) was determined using 

the 0.2% strain offset method. Both RHS sections would be expected to undergo local buckling 
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before yielding according to CAN/CSA-S16-14 9 (CSA, 2014). On the other hand, there are no 

provisions for the PHS in CAN/CSA-S16-14 (CSA, 2014).  

The results in Table 4-2 show that the experimental fy for the RHS specimens is indeed well 

below what would be expected based on the nominal yield strength (fy = 345 MPa) for ASTM 

A500 Grade C steel material. Contrariwise, the fy for the PHS specimens exceeds this nominal 

yield strength, and exhibit significant ductility, indicating that the stub-columns reached their 

yield capacity.  

Table 4-2: Key results from the stub-column test program. 

SECTION 

ID 

h 

(mm) 

b 

(mm) 

t 

(mm) 

L 

(mm) 

I 

(*10
6
mm

4
) 

A 

(mm
2
) 

fy 

(MPa) 

My 

(kNm) 

PHS 356 356 254 6.4 1103 109 6880 390 239.0 

RHS 356 356 254 6.4 977 129 7040 229 166.5 

PHS 305 305 203 6.4 1088 65 5824 408 174.0 

RHS 305 305 203 6.4 964 76 5877 270 135.0 

 

Figure 4-1: Typical stress-strain curves for the PHS356 and RHS356 stub-columns 
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4.2.2 Three-point beam tests 

The goal of the three-point beam bending tests was to determine the failure load/moment, and the 

failure modes of the PHS and RHS beams under a concentrated load. A total of 4 beams were 

tested and the nominal dimensions were PHS 356x254x6.4 mm (L = 850 mm), RHS 

356x254x6.4 mm (L = 1100 mm), PHS 305x203x6.4 mm (L = 850 mm), and RHS 305x203x6.4 

mm (L = 1100 mm). The specimens have short span to depth ratios (L/h ≤ 3), which results in 

much larger applied loads at failure than would occur with a larger span to depth ratio. 

The symmetrical, simply supported three-point bending test arrangement is shown in Figure 

2-15. The simple support conditions were achieved by means of steel rollers (51 mm in 

diameter), and the beams were extended approximately 65 mm beyond each end support. The 

beam supports and loading points consisted of profiled plates that matched the shapes of the PHS 

and RHS sections, with a width of 152 mm and a depth of 51 mm, to ensure adequate bearing 

resistance. For each beam, six and three electrical strain gages were attached to each of the webs 

and flanges, respectively. This was done at the centre and at 100 mm from either side of the 

loading point of each beam.  

Figures 4-2 and 4-3 show the moment-strain curves from the three-point beam bending tests. The 

mid-span moments are plotted against the strains which were recorded using a strain gage at the 

centre of the bottom flange of each beam. The yield moment capacity (My) of each section 

(Table 4-2) was calculated by multiplying the measured yield stress from the preceding stub-

column test program and the corresponding section modulus. 

In Figure 4-2, the PHS 356x254x6.4 mm and PHS 305x203x6.4 mm beams were able to reach 

their yield moment capacities; while in Figure 4-3 the RHS 356x254x6.4 mm and RHS 

305x203x6.4 mm beams failed at 42.5% and 40% below their yield moment capacities, 

respectively.  
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Figure 4-2: Moment-strain curves at the mid-spans of the PHS 356 and PHS 305 beams 

 

Figure 4-3: Moment-strain curves at the mid-spans of the RHS 356 and RHS 305 beams 
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The RHS 356x254x6.4 mm beam is Class 4 in bending, and is therefore expected to fail 

prematurely before the onset of yielding (CSA, 2014). In contrast, the RHS 305x203x6.4 mm 

beam is a Class 3 in bending and would be expected to reach My according to CAN/CSA-S16-14 

(CSA, 2014). However, in the test set-up herein, the beam spans (L) were short compared to the 

depth (h) of the beams (i.e., L/h ≤ 3), and as such had short moment arms. Failure of the RHS 

beams was in fact initiated by the large concentrated load at the mid-span of each beam, rather 

than by bending stresses. This concentrated load caused local buckling of the slender 

compression flange and webs of the RHS beams (Figure 2-20(b)), and the premature failure 

before yielding.  

In contrast, PHS beams have a slightly lower cross-sectional area and lower moment of inertia 

than the comparable RHS beams (Table 4-2). It is, therefore, remarkable that the PHS beams, 

through the provision of the bends in their flanges, were able to avoid this pre-mature local 

buckling failure and achieve their full cross-sectional capacity, Figure 4-2. Figure 4-2 also shows 

that the PHS 305x203x6.4 mm beam actually exceeded its yield moment and exhibited 

significant ductility before failing. For the PHS beams, local buckling (Figure 2-20(a)) was 

observed to occur after yielding and thus did not adversely affect their moment capacities. 

The results herein show that there is a clear benefit to providing “bends” in the compression and 

tension flanges of thin-walled rectangular sections. Although further testing and modeling is 

needed to confirm, it is likely that the bends help minimize ovalization of the cross-section 

(Guarracino, 2003), and so reduce the potential for local buckling and significantly improve the 

capacity of thin-walled sections under large concentrated loads.  

There is a clear need for guidance as to the number, size, and location of bends needed. For the 

PHS specimens tested herein, the “flat portion” of the compression flange (dimension b5, Figure 

2-1, Table 4-1) was reduced by about 75% from the comparable RHS cross-sectional 

dimensions. In addition, the “flat portion” of the web (dimension h2, Figure 2-1, Table 4-1) was 

reduced by about 37% from the comparable RHS cross-sectional dimensions.  
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4.3 Conclusions 

A series of comparative experimental tests have been conducted on two polygonal hollow 

structural sections and two comparable rectangular hollow structural sections. For the PHS, the 

“flat portion” of the compression flange was reduced by about 75% from the comparable RHS, 

and the “flat portion” of the web was reduced by about 37% from the comparable RHS. The PHS 

specimens thus have a lower cross-sectional area and lower moment of inertia than the 

comparable RHS specimens. 

Stub-column tests were performed to determine the yield capacities of the specimen used to 

complete the three-point beam bending tests. The three-point bending tests were conducted to 

determine the failure buckling load/moment, and the failure modes of the PHS and RHS beams 

under a concentrated load. The deep beams tested herein had a span-to-depth ratio of 

approximately 3. 

The conclusions of this experimental study are as follows: 

1) The PHS stub-columns failed at 13% and 18% above the nominal material yield strengths (fy 

= 345 MPa), while the RHS failed at stresses 22% and 36% below the nominal yield strength due 

to the initiation of local buckling.  

2) The RHS beams under three-point bending failed at about 40% below their yield moment 

capacity. This can be attributed to local buckling of the compression flange initiated by the large 

applied concentrated load. 

3) The PHS beams under three-point bending reached or exceeded their yield moments before 

local buckling and final failure occurred.  
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5 CHAPTER 5: Detection of Local Buckling in Thin-
Walled PHS and RHS Steel Members using Fibre 
Optic Cables 

5.1 Introduction 

As their quality continues to improve, fibre optic cable sensors have the potential to replace 

traditional strain gauge sensors for the monitoring of steel structures. This is because of their 

higher sensitivity, ability to resist electromagnetic interference and efficient multiplexing. 

However, fibre optic cable sensors are still limited due to their initial high cost and unfamiliarity 

to potential users (Kersey, 1996). Nevertheless, the ability to measure along a given length gives 

fibre optic cables a critical advantage that differentiates them from traditional strain gauge 

sensors. This chapter compares fibre optic cable sensors to strain gauge sensors via an 

experimental program comprising four-point bending and three-point bending tests. The sensors 

are used to detect the location and initiation of local buckling in thin-walled PHS and RHS 

beams.   

Thin-walled RHS have very high torsional rigidity, and thus make a very economic choice for 

applications which are susceptible to lateral torsional buckling (e.g. long unbraced cantilever 

beams). However, as the depth of a thin-walled RHS increases to ensure adequate bending 

stiffness, it may fail due to local buckling of its compression flange, resulting in a reduced 

capacity. In contrast, a recently proposed polygonal hollow section (PHS) has the potential to 

minimize the local buckling failure mechanism (Kabanda and MacDougall, 2016). The PHS 

starts as a basic RHS but includes discrete bends in its web and flange (see Figure 2-1) which are 

easier to fabricate than a continuous curvature.  

Local buckling failure is a major consideration in the design of cold-formed steel sections (AISI 

S100, 2007). The Canadian steel design standard (CAN/CSA-S16-14) (CSA, 2014), for example, 

provides design equations to calculate resistance of wide flanges under concentrated loads. For 

loads that exceed this resistance, welded web stiffeners may be provided. There is no similar 

guidance, however, for hollow structural sections. Elliptical hollow sections (EHS) have been 

proposed as a solution to minimize local buckling failure in hollow structural sections (Gardner 

and Ministro, 2004). However, the cross-section of an EHS requires highly specialized design 
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expertise in comparison to a PHS. In addition, the bends of the PHS increase its bending strength 

and rotational capacity, and thus minimize web crippling in the beam’s cross-section (Kabanda 

and MacDougall, 2017). Previous research on PHS has also been very limited; Yamashita et al. 

(2003) and Song et al. (2012) only considered the axial crush behavior of short polygonal stub-

columns. 

In this chapter, PHS beams are compared to RHS beams of similar cross-sectional dimensions 

via an experimental program consisting of four-point and three-point bending tests. The 

objective of these tests is to compare the behavior of PHS and RHS beams under concentrated 

loads with either distributed fibre optic cable sensors installed along each beam’s length or strain 

gauges sensors installed at discrete locations along each beam. Unlike conventional strain gauges 

which are typically placed at a predefined location, distributed fibre optic sensors have the ability 

to detect localized deformation and buckling without prior knowledge of the location of the 

critical areas (Hoult et al., 2014).  

5.2 Experimental Investigation 

A total of 10 specimens (4 stub-columns and 6 beams), which comprised 5 PHS and 5 RHS of 

varying lengths, were fabricated. The nominal dimensions of the 4 cross-sections used to 

construct the PHS and RHS specimens tested herein are given in Table 2-1 and Table 2-2. The 

RHS were fabricated with a single seam weld on the web of the cross-section while the PHS had 

seam welds on the top and bottom flanges of the cross-section. The specimens were all cold-

formed members with ASTM A500 (Grade C) steel (ASTM, 2013a). The RHS were Class 3 or 4 

as per the Canadian steel design standard (CAN/CSA-S16-14) (CSA, 2014) while there is 

currently no similar classification for the PHS.  

Prior to the bending tests, the dimensions and material properties of the 4 cross-sections listed in 

Table 2-2 were examined via experimental investigations consisting of geometric imperfection 

measurements, tensile coupon tests, residual stress analyses and stub-column tests (Kabanda and 

MacDougall, 2017). 
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5.2.1 Bending tests with fiber optic and strain gauge sensors 

Four-point and three-point bending tests were conducted on PHS and RHS beams to compare 

their buckling strength and to detect the location and initiation of local buckling under 

concentrated loads.  

The four-point bending tests consisted of 2 beams fabricated from the PHS356 and RHS356 

cross-sections, Table 2-2. The PHS beam was labeled as PHS356A and the RHS beam was 

labeled as RHS356A. The length, L, of all the beams was fixed at 3500 mm. Figure 2-7 shows an 

illustration of the four-point bending schematic and the test set-up is described in Kabanda and 

MacDougall (2017).  

Each beam was fitted with steel end caps and the simple support conditions were achieved by 

means of a steel roller between the beam and a profiled stiffening plate at each end support. Steel 

rollers were also placed between the spreader beam (1000 mm long) and a profiled stiffening 

plate at each loading point, Figure 2-7. Displacement was controlled at a rate of 2 mm/min, and 

the tests were completed using a 1200 kN Riehle testing machine, Figure 2-10.  

Fibre optic cables were installed along the top and bottom of the web of each beam, Figure 5-1. 

In contrast, electrical strain gauges were installed at specific locations along the web and flange 

of each beam, Figure 5-1. This was done at the centre and at 500 mm from either side of the 

loading point of each beam, Figure 2-7.  

A strain gauge can offer high strain resolutions of the order of 1 microstrain; however, it only 

enables measurements to be taken at a discrete location which makes detecting localized issues 

difficult without prior knowledge of their location (Hoult et al., 2014). Distributed fibre optic 

sensors, on the other hand, enable strain measurements to be taken along the full length of a 

given specimen. In other words, there are potentially thousands of sensors along the specimen 

allowing for distributed measurements, which is ideal for localized damage detection 

applications where the location of critical areas is not known prior to testing (Hoult et al., 2014).  
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Figure 5-1: General view of a fibre optic cable relative to strain gauges 

Figure 5-2 shows the normalized moment-strain curves from the four-point beam bending tests. 

The normalized mid-span moments are plotted against strains which are recorded using a strain 

gauge located at the centre of the bottom flange of each beam. Furthermore, in Figure 5-2, the 

yield moment capacity My was calculated by multiplying the measured yield stress from the 

tensile coupon tests and the corresponding section modulus. 

 

Figure 5-2: Normalized moment-strain curves at the mid-spans of the PHS356A and RHS356A beams 
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The results in Figure 5-2 show that the RHS356A beam failed at about 21% below its yield 

moment capacity. Contrariwise, the PHS356A beam was able to reach its yield moment capacity. 

The RHS356A beam is a Class 4 section, and was thus expected to prematurely buckle before 

the onset of yielding (CSA, 2014). On the other hand, the PHS356A beam, through the provision 

of bends in its flanges, was able to avoid pre-mature local buckling failure. The beam was able to 

attain its full cross-sectional capacity, and failure occurred only after yielding. 

Figures 5-3 to 5-8 show the strain measurements along the length of the PHS356A and 

RHS356A beams recorded using fibre optic cable sensors. The strains were measured along the 

web of each beam on the compression side and the tension side. For each PHS356A and 

RHS356A beam, two different load stages are presented to capture the strain development with 

the increase in loading: 100 kN (20% of My) and 300 kN (59% of My). For the PHS356A beam 

only, two additional load stages are shown: 500 kN (99% of My) and 600 kN (119% of My). The 

PHS356A beam was able to reach its yield moment capacity. The purpose of the additional load 

stages is to show the strain distributions at yield and just after yielding. 

 

Figure 5-3: Strain measurements along the length of the PHS356A beam at 100 kN 
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Figure 5-4: Strain measurements along the length of the RHS356A beam at 100 kN 

 

Figure 5-5: Strain measurements along the length of the PHS356A beam at 300 kN 
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Figure 5-6: Strain measurements along the length of the RHS356A beam at 300 kN 

 

Figure 5-7: Strain measurements along the length of the PHS356A beam at 500 kN 
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Figure 5-8: Strain measurements along the length of the PHS356A beam at 600 kN 

Figure 5-3 and Figure 5-4 show the strain measurements along the length of the PHS356A and 

RHS356A beams at 100 kN – within the linear range of each beam. The strain measurements of 

both beams are in good agreement with the theoretical strains, with the tensile strains in the 

central bending region of the beams more or less uniform, typical of steel in the linear range 

before yielding. Furthermore, for both beams, the fibre optic cable sensors reasonably capture the 

strain profile along the length of each beam and show the sudden increase in strain at the support 

and loading points due to the concentrated compressive loads at those locations. This is not 

possible with strain gauge sensors, as indicated by Figure 5-2. The strain gauge sensor can only 

capture strain at a discrete location. 

Figure 5-5 and Figure 5-6 show the strain measurements along the length of the PHS356A and 

RHS356A beams at 300 kN. The strain measurements of both beams are still in good agreement 

with the theoretical strains. However, on the compression side at the loading and on the tension 

side at the support points, the difference between the measured strains and theoretical strains for 

the RHS356A beam (Figure 5-6) is higher than that of the PHS356A beam (Figure 5-5). For 

example, at the loading points, the theoretical and recorded strains differ by 50% for the 

PHS356A beam while they differ by 81% for the RHS356A beam. This is because the high 

concentrated loads at the loading points cause the web of the of the RHS356A beam to buckle 
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outwards, creating a region of high tension and low compression, which is captured by the fibre 

optic cable sensors, Figure 5-6. For the PHS356A beam, the bends in its flanges are able to 

minimize the pre-mature local buckling failure and therefore the strain differences at the loading 

and support locations are not as high, Figure 5-5. As such, the initiation of local buckling at the 

loading and support points happens sooner in the RHS356A beam than the PHS356A beam. 

Figure 5-7 and Figure 5-8 further show that at the loading and support points for the PHS356A 

beam, at the higher loads of 500 kN and 600 kN, the measured and theoretical strains differ only 

by 9%. As previously mentioned, this is because the bends in the compression flange of the 

PHS356A beam help minimize web crippling and ovalization in the beam’s cross-section 

(Young, 2005). This reduces the potential of local buckling at the loading and support points 

before yielding, and the PHS356A beam is thus able to minimize the increase in compressive 

strains unlike the RHS356A beam. The fibre optic cable data offers an explanation as to why, in 

comparison to RHS beams, the PHS beams are able to attain their full cross-section capacity and 

reach their expected moment yield capacity. This observation would not have been possible with 

only strain gauges sensors installed on the PHS and RHS beams. 

Following completion of the four-point bending tests, additional PHS and RHS beams were 

tested in a three-point bending scenario. For these tests, a total of 4 beams with short span (L) to 

depth (h) ratios (L/h ≤ 3), in order to induce high concentrated loads at failure, were tested. The 

beams were fabricated from the PHS305, PHS356, RHS305 and RHS356 sections, Table 2-2. 

The PHS beams were labeled as PHS305B (L = 1230 mm), and PHS356B (L = 1140 mm). The 

RHS beams were labeled as RHS305B (L = 1230 mm), and RHS356B (L = 1140 mm).  

The general view of the symmetrical, simply supported three-point bending tests is shown in 

Figure 2-15 and the test set-up is described in Kabanda and MacDougall (2017). Each beam was 

fitted with steel end caps and the simple support conditions were achieved by means of a steel 

roller between the beam and a profiled stiffening plate at each end support, Figure 2-14. 

Electrical strain gauges were attached to the web and flange of each beam to measure the change 

in strain. This was done at the centre and at 100 mm from either side of the loading point of each 

beam, Figure 2-14. Displacement was controlled at a rate of 1.0 mm/min, and the tests were 

completed using a 300 ton hydraulic jack cylinder.  
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Figure 5-9 shows the normalized moment-strain curves from the three-point beam bending tests. 

The normalized mid-span moments are plotted against strains which are recorded using a strain 

gage at the centre of the bottom flange of each beam, Figure 2-14. For each section, the yield 

moment capacity, My, was calculated by multiplying the measured yield stress from the tensile 

coupon tests and the corresponding section modulus.  

 

Figure 5-9: Normalized moment-strain curves at the mid-spans of the PHS and RHS beams 

In Figure 5-9, the RHS305B and RHS356B beams failed at 42.5% and 40% below their yield 

moment capacities, respectively. Contrariwise, the PHS305B and PHS356B beams were able to 

reach their yield moment capacities. 

Similar to the four-point bending tests, the RHS356B beam herein is a Class 4 section, and was 

thus expected to buckle before the onset of yielding (CSA, 2014). On the contrary, the RHS305B 

beam is a Class 3 section and was therefore expected to buckle once its outer most fibres had 

yielded (CSA, 2014). However, in the three-point bending test set-up, the beam spans (L) were 

short compared to the depth (h) of the beams (i.e., L/h ≤ 3), and as such had short moment arms. 
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The short moment arms induced high concentrated loads at the loading points. These high 

concentrated loads caused local buckling of the slender compression flange and webs of the RHS 

sections, Figure 2-20, and premature failure before yielding.  

In contrast, the PHS305B and PHS356B beams were able to avoid the pre-mature local buckling 

failure, Figure 2-20. The beams were able to attain their full cross-sectional capacity, despite the 

high concentrated loads. Failure occurred only after yielding. As previously mentioned, this is 

most likely due to the provision of bends in their flanges which minimize web crippling and 

ovalization in the beam’s cross-section. 

The three-point bending tests were conducted without the fibre optic cable sensors. Though the 

strain gauge data was able to give an indication that pre-mature local buckling occurred in the 

RHS beams and did not occur in the PHS beams, the data does not provide any more information 

beyond that. On the other hand, fibre optic cable sensors would have been able to record the 

strain profile along the length of the beams. This strain profile, similar to the four-point bending 

tests, would have been able to provide more information at the loading and support points. With 

this information, a more definite conclusion regarding the pre-mature local buckling of the 

beams could be made.  

5.3 Conclusions 

A series of four-point and three-point bending tests have been conducted on polygonal hollow 

section (PHS) and rectangular hollow section (PHS) beams to compare fibre optic cable sensors 

to strain gauge sensors. The sensors are used to detect the location and initiation of local 

buckling during the tests. In addition, the tests were used to compare the buckling strength and 

failure shapes of the PHS and RHS beams under concentrated loads. For the three-point bending 

tests, only strain gauges were used to record the strain measurements while for the four-point 

bending tests, both strain gauge and distributed fibre optic cable sensors were used. 

The data showed that unlike strain gauge sensors, fibre optic cable sensors are able to capture the 

strain profile and varying strains along the length of a beam at different load stages. The 

recorded strain profiles were also in good agreement with the theoretical strain data. 

Additionally, the data showed that the fibre optic cables have the capability to detect the location 
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and initiation of local buckling without prior knowledge of the area of interest. This is the 

criterion that differentiates fibre optic cable sensors from strain gauge sensors and the main 

reason why fibre optic cable sensors should be more widely used in monitoring and measuring 

strain in steel structures especially now that costs are less. 

The results also showed that for four-point bending tests, the RHS beams failed pre-maturely 

below their moment yield capacity. This can be attributed to local buckling of the compression 

flange initiated by the large applied concentrated loads at the loading points. In contrast the PHS 

beams reached their yield moment capacity before local buckling and final failure occurred. This 

was further evidenced by the three-point bending tests which showed that at the loading points, 

unlike the RHS beams which experienced an increase in the compressive strains, the PHS beams 

were able to minimize this increase. Though more tests are required for a definite conclusion, 

this is most likely because the bends of the PHS beam help prevent web crippling and ovalization 

of the beam’s cross-section. 
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6 CHAPTER 6: Behavioral Comparison of Cantilever 
Polygonal and Rectangular Hollow Section Beams 

6.1 Introduction 

Cantilever steel structures occur in many different engineering applications. Steel structures 

traditionally make extensive use of off-the-shelf beam sections, and one of the most commonly 

used is the well know I-shape. While having high stiffness and strength, the I-shape is 

susceptible to lateral-torsional buckling, especially for long spans with no bracing. Within the 

past 20 years, tubular sections, which include rectangular and square hollow sections, have 

become very popular. These sections have very high torsional rigidity, and thus make a very 

economic choice for cantilever systems. However, these sections are also less efficient when 

dealing with very long thin-walled un-braced spans that require high bending stiffness, high 

buckling strength, and minimal deflection. As a result, the polygonal hollow section (PHS) 

which can be categorized as a hybrid of an oval hollow section (OHS) and a rectangular hollow 

section (RHS) has been developed. PHS are currently being used to design cantilever structures 

such as electric poles in Lisbon, Portugal, Figure 6-1 (Castilho, 2018) and cantilever booms in 

Toronto, Canada, Figure 6-2, by Ankor Engineering Systems Ltd., a Canadian company 

specializing in the design, manufacture and installation of building facade access and safety 

systems. 

 

Figure 6-1: Polygonal hollow section used to construct the electric pole, Lisbon, Portugal (Castilho, 2018) 
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Figure 6-2: Polygonal hollow section used to construct the outrigger boom, Toronto, Canada 

However, there is still limited research data in the public domain on the buckling, stresses and 

deflections involved when applying loads to cantilevered polygonal hollow structural sections. 

Previous studies such as Yamashita et al. (2003) have only considered the crush behavior of 

short polygonal stub-columns (200 mm long) under axial compression. The experimental tests in 

Chapter 2 of this thesis only studied the bending and buckling behavior of the PHS in four-point 

and three-point bending scenarios. Nevertheless, the results showed that PHS may have almost 

four times the moment rotation capacity of a comparable RHS and the potential to minimize 

web-crippling failure. Consequently, the goal of this chapter is to study the global cantilever 

bending behavior of the PHS, and compare it to that of the RHS. 

6.2 Literature Review 

Single length and telescoping booms, Figure 6-3, can be modeled as a cantilever. Currently, such 

cantilever booms are built using a combination of loading charts, Figure 6-4, with few rational 

design guidelines. Moreover, these charts are not suitable for cantilever booms that span more 

than 30 meters in length. This is because cantilever booms of this length are highly susceptible to 

local-and lateral torsional buckling (Packer et al., 1996). Lateral-torsional buckling occurs when 

the compression flange of a beam deflects laterally while its tension flange tries to keep the 

member straight, a phenomenon typical in open (e.g., W- and I-) sections, Figure 6-5 (CEN, 

2005a). As a result, closed hollow structural sections are often considered for cantilever booms, 

and RHS beams are typically used. Hodges and Peters (1975) derived a general lateral buckling 
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equation to include the complete effect of bending curvature in the plane of greatest flexural 

rigidity prior to buckling. This can be contrasted with the analysis of Prandtl (1899) and Reissner 

(1904), whose expressions did not take these effects into account. Unfortunately, this general 

lateral buckling equation was only valid for a range of B/A <= 1, where B and A are the bending 

stiffness in the plane of least flexural rigidity and greatest flexural rigidity, respectively.  

 

Figure 6-3: Section of a telescoping boom 

 

Figure 6-4: An example of a load chart used to determine the boom length and loaded operating radius 
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Jeevan (2012) examined the phenomena of local buckling as applied to individual RHS members 

and in a telescoping assembly. The results showed that for telescopic RHS, the shear analysis is 

complicated by the uneven distribution in shear stress that occurs in a given section. 

Nevertheless, the best saving in material can be attained when the force is applied directly at the 

shear centre of the chosen RHS which helps minimize lateral-torsional buckling.  

 

Figure 6-5: Illustration of lateral displacement and twisting when lateral-torsional buckling occurs (CEN, 2005a) 

However, as the depth of a thin-walled RHS increases to ensure adequate bending stiffness, it 

may fail due to local buckling of the compression flange, resulting in a reduced capacity 

(Kabanda and MacDougall, 2017). Furthermore, there is very limited practical research 

regarding RHS as cantilever beams. Previous research such as Nethercot (1973) has been mainly 

theoretical or numerical without any experimental tests to verify the results, and Essa and 

Kennedy (1993) only tested hot-rolled W-sections. The current Canadian structural steel design 

standard does not provide guidance on cantilever systems (see S16-09, 2009, Clause 13.6(d) 

CSA. 2014), and any suggested code rules for designing hollow cantilever steel beams against 

buckling are based on data for hot-rolled W-sections which are unnecessarily conservative (Pi 

and Trahair, 1995). The Eurocode 3 (CEN, 2005a) also only requires a reduction factor to be 

applied to the moment resistance of a given cross section to take into account the effects of 

buckling; otherwise no specific guidelines are provided. 
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The elliptical hollow structural (EHS) section has been proposed to reduce the potential of local 

and global buckling in beams (Gardner and Ministro, 2014). However, a disadvantage of the 

EHS section is that its curved shape and varying radii require specialized manufacturing 

expertise, especially for welded sections. Furthermore, the resistance of the cross-section 

depends on calculating its “equivalent diameter”, which is dependent on the location of the 

initiation of buckling, and thus also depends on the loading case. As a result, a simpler section 

that can be categorized as a polygonal hollow structural (PHS) section has been proposed 

(Kabanda and MacDougall, 2016).  

It should be noted that research on lateral-torsional buckling is challenging because loading and 

end conditions need to be very carefully controlled (Wardenier et al., 1991; Essa and Kennedy, 

1993). The behavior is also affected by the rotational restraint at the ends and loading points, as 

well as the location of the loading with respect to the shear centre. In addition, previous research 

on elliptical and rectangular hollow sections suggest that lateral-torsional buckling is not likely 

until the aspect ratio (h/b) increases to three or more (Law and Gardner, 2004); where h and b are 

height and width of a beam, respectively. 

6.3 Test Frame and Set-up 

The cantilever tests were conducted using an in-house steel frame, and the set-up is illustrated in 

Figure 6-6. Due to the limited nature of previous cantilever beam tests in the extant literature, the 

tests encompassed a full range of key parameters that can be expected in realistic cantilever 

system/boom designs. These key parameters include the section thickness t, the width b, the 

depth or diameter h or d, and the length, L, of the beam. The test frame was fixed to the lab floor 

using high tensile threaded rods and provided a torsionally fixed support while a point load was 

applied at the other end of the beam. Loading was applied to the top of the beam using an MTS 

servo-hydraulic actuator and control software (Figure 6-15). Each test beam was instrumented 

with strain gauges, linear potentiometers, with the applied load being measured using a load cell. 

The test beams had stiffened steel end caps at both their ends to prevent local buckling before 

overall member failure.  

The fixed boundary end of the test rig was provided by an encasing, Figure 6-6, which consisted 

of six threaded rods and a 76 mm thick plate. Once a beam was installed in the test frame, the 



 

70 

 

thick bearing plate would be placed in place through the threaded rods, on to the beam and then 

torqued/clamped into place using a heavy duty wrench, washers and nuts. This clamping 

mechanism was intended to provide a force to hold the beams into place within the fixture, 

limiting movements and thus simulating a fixed end during testing. This was considered a close 

approximation to a fixed boundary condition, besides physically encasing the fixed-end of the 

beams within an enclosure. The test frame was also designed to allow the back end of the beam 

to slide in and out of the fixed-end section for easy installation and to allow one to vary the 

length of the beam.  

 

Figure 6-6: Illustration of the proposed test set-up for the cantilever beam tests 

6.4 Experimental Tests 

A total of 8 specimens (4 stub-columns and 4 beams), which consisted of 4 PHS and 4 RHS, 

were fabricated. The nominal dimensions, described in Figure 2-1, including the moment of 

inertia, I, and the imperfection amplitude ωo of the four cross-sections used to construct the PHS 

and RHS specimens, are given in Table 6-1. The dimensions of the PHS are further listed in 

Table 6-2. The specimens were all cold-formed using ASTM A500 (Grade C) steel plate. The 

RHS were fabricated with a single seam weld on the web of the cross-section while the PHS had 

seam welds on the top and bottom flanges of the cross-section. The RHS were Class 3 or 4 as per 

the Canadian steel design standard (CAN/CSA-S16-14 (CSA, 2014)) while there is no similar 

classification for the PHS.  



 

71 

 

Table 6-1: Nominal dimensions of the cross-sections of the RHS and PHS 

Cross-section h(mm) b(mm) t(mm) I(*10
6  

mm
4
) ωo(mm) 

RHS305 305 203 6.4 76 0.68 

RHS356 356 254 6.4 129 0.84 

PHS305 305 203 6.4 65 0.89 

PHS356 356 203 6.4 109 0.95 

Table 6-2: Dimensions of the PHS 

Dimension 
(Fig. 1) 

PHS 305 
(mm) 

PHS 356 
(mm) 

b 203 254 

b1 49.5 62 

b2 104 130 

b3 33.5 42 

b4 42 53 

b5 52 64 

h 305 356 

h1 57 66 

h2 191 223 

h3 39.6 46 

h4 17.4 21 

t 6.4 6.4 
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Prior to the bending tests, the dimensions and material properties of the 4 cross-sections listed in 

Table 6-1 were examined via experimental investigations consisting of geometric imperfection 

measurements, tensile coupon tests, residual stress analyses and stub-column tests.  

6.4.1 Geometric imperfection measurements 

Despite efforts to minimize this, distortion of the specimens due to the cold-forming process 

occurred during the fabrication process. Geometric imperfections can affect the moment and 

rotational capacity of a specimen (Key and Hancock, 1993).  

The geometric imperfections were measured along all of the faces of the PHS305, PHS356, 

RHS305 and RHS356 representative sections using an edge ScanArm (Appendix B). The 

representative sections were chosen at mid-length and at two locations 80 mm from the specimen 

ends. Each representative section was mounted on a flat table, and the ScanArm moved 

continuously around the faces guided by a technician. The recorded data points were used to 

determine the imperfection amplitude, ωo, which is the difference between the recorded and 

nominal dimensions. The values listed in Table 6-1 are the highest ωo calculated for each 

representative section and are all within the permitted limits of the ASTM A500 Standard 

(ASTM, 2013a), i.e. 0.01x the largest flat dimension.   

6.4.2 Tensile coupon tests 

The tensile stress-strain properties along the faces of the PHS305, PHS356, RHS305, and 

RHS356 were obtained through tensile coupon tests. The coupons were cut from the same length 

of tubes as the stub-column and beam specimens that will be described in the following sections. 

Using an Instron 250 kN hydraulic testing machine, a total of 30 tensile tests were completed. 

The coupons were prepared and tested in accordance with the ASTM A370 standard (ASTM, 

2009). For the RHS specimens, three flat coupons at locations 1, 2 and 4; and two corner 

coupons at locations 3 and 5 were extracted, Figure 6-7. For the PHS specimens, six flat coupons 

at locations 6, 9, 10, 11, 12 and 13; and four corner coupons at locations 7, 8, 14 and 15 were 

extracted, Figure 6-7. A strain gauge was mounted at the centre of each coupon. 
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Figure 6-7: Locations of the extracted coupons and residual stress measurements. 

Before the tests, the shoulders of any coupons which were curved after extraction, due to the 

release of longitudinal residual stress, were carefully straightened using a hydraulic bending 

press. This was done to ensure that all coupons fit in the grips of the Instron and to study their in-

situ tensile behavior. The key results from the tensile coupon tests and the corresponding 

nominal (mill certificate) properties of the investigated specimens are listed in Table 6-3; here fy, 

and fu are the yield and ultimate strengths, respectively, and E denotes Young’s modulus. Typical 

stress-strain curves from the PHS and RHS specimens are also shown in Figure 6-8. All the 

curves exhibit a smoothly defined yield point, determined by the 0.2% offset method, typical of 

cold-formed steel. The experimental tensile properties, fy,exp and fu,exp, were obtained using the 

equations below, where F is the ratio of the flat face to the total cross-sectional area (Sun and 

Packer, 2014). 

fy,exp entire cross-section = (fy,exp of flat face)*F + (fy,exp of corners)*(1-F)                         Eqn. 6.1 

fu,exp entire cross-section = (fu,exp of flat face)*F + (fu,exp of corners)*(1-F)                         Eqn. 6.2 
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Table 6-3: Nominal(nom)and experimental(exp)tensile material properties of the plate material used to fabricate the 

PHS and RHS specimens 

Cross-section fy,nom(MPa) fu,nom(MPa) fy,exp(MPa) fu,exp(MPa) E,exp(MPa) 

RHS305 389 478 370 401 200333 

RHS356 356 469 415 437 204859 

PHS305 393 545 357 405 200099 

PHS356 393 545 348 397 200203 

 

 

Figure 6-8: Typical stress-strain curves from the tensile coupons at location 4 for the RHS305 and RHS 356, and 

location 11 for the PHS305 and PHS356.  

6.4.3 Residual stress measurements 

During preparation of the coupons, a few of the extracted coupons were observed to curve away 

from their initial geometry. This is due to the presence of through-thickness bending residual 

stresses, common in cold-formed steel. These stresses were measured using the sectioning 

method, which has been successfully used by various researchers (Gardner et al., 2010; Jiao and 
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Zhao, 2003; Key et al., 1988). The representative sections from the geometric imperfection 

measurements were used to complete these tests. Strain gauges were placed on the inner and 

outer surfaces of each representative section in the longitudinal direction (Appendix D). The 

strain gauge locations are shown in Figure 6-7: locations A – I for the RHS specimens and J – R 

for the PHS specimens. Initial inner and outer strains were recorded and each section was then 

cut into strips with strain gauges on each side. After cutting, the final inner and outer strain 

measurements were recorded for each strip. The cut strips underwent axial deformation and 

bending due to membrane and bending components of the residual stress (Sun and Packer, 2014). 

The recorded initial and final strains were converted to stresses by multiplying by the measured 

Young’s modulus for each section. These stresses were then used to derive the maximum 

longitudinal residual stress ratio, (σrs/σy)residual-stress, using the Davison and Berkimoe (1983) 

relationship. A limitation of the sectioning method is that it does not capture the overall 

extension and shortening of the cut strips. Nevertheless, for each cross-section, the computed 

maximum longitudinal residual stress ratio, (σrs/σy)residual-stress, is shown in Table 6-4 and is 

compared to that obtained via the stub-column tests so as to verify its accuracy. From the 

longitudinal stress measurements, the PHS305 and PHS356 contain about 21% more residual 

stress than the RHS305 and RHS356, and this is due to extra bends of the PHS. 

6.4.4 Stub-column tests 

The purpose of the stub-column tests was to determine the overall compressive yield strength of 

the PHS305, PHS356, RHS305 and RHS356 taking into account the effects of the longitudinal 

residual stresses. A total of 4 stub-columns were tested under pure axial compression. The tests 

were carried out using a 300 ton hydraulic jack cylinder, and the test set-up is shown in Figure 

6-9. The stub-columns were cut using a Hydmech band saw, and machined flat, parallel and 

normal to the section axis to ensure a uniform distribution of loading during testing (Appendix 

B). The length of each of the stub-columns was chosen to be at least 3 times the larger cross-

section dimension in order to avoid overall buckling but still contain the same residual pattern as 

a much longer member from the same stock. The tests were completed in accordance with the 

procedure described by Ziemian (2010).  
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Figure 6-9: General view of the stub-column test set-up. 

For each test, the stub-column was instrumented with electrical strain gauges at the mid-height of 

each section face to monitor local buckling, and four linear potentiometers (LPs) to measure the 

average end-shortening and to ensure proper alignment. The criterion for acceptable alignment, 

which is required to ensure the stub-columns are loaded concentrically, is for the variation 

between strains on any section face relative to the average strain to be less than 5%. During 

testing, the alignment of each stub-column was checked at 50% of the expected yield load 

(Ziemian, 2010). The PHS stub-columns showed a higher load carrying capacity than the RHS 
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stub-columns. Nevertheless, for all the stub-columns, ultimate failure was due to the high load 

concentration at the fixed ends which induced local buckling of the section walls near the top 

ends. The RHS stub-columns were expected to undergo local buckling before yielding according 

to CAN/CSA-S16-14 (CSA, 2014). In contrast, there are currently no provisions for the PHS 

stub-columns in CAN/CSA-S16-14 (CSA, 2014). Figure 6-10 shows the typical failure shapes of 

the PHS and RHS stub-columns. 

 

Figure 6-10: Typical failure shapes of the PHS305, PHS356, RHS305 and RHS356 stub-columns. 

The key results and compressive stress-strain curves from the stub-column tests are shown in 

Table 6-4 and Figure 6-11, respectively. For each stub-column, the compressive stresses f, 

including the proportional stress limit, fp, and ultimate load stress, fu, were obtained by dividing 

the corresponding compression load by the cross-sectional area, A. The average compressive 

strain over the cross-section was obtained by dividing the end-shortening, δ, by the initial stub-

column length, L. For the stub-column tests, the maximum longitudinal compressive residual 

stress values (σrs/σy)stub-colum were computed as (1- fp/fy)stub-column. In Figure 6-11, the compressive 

stress-strain curves are normalized using the measured tensile yield strength, fy. The fact that the 

curves are less than unity for these deep sections indicates that inelastic local buckling before 

yielding influenced the maximum load. 
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Table 6-4: Key results from the PHS and RHS stub-column and residual stress analyses 

Cross-section L(mm) A(mm
2
) E(MPa) fp(MPa) fu(MPa) (σrs/σy)stub-column (σrs/σy)residual-stress 

RHS305 1090 5976 204129 185 281 0.50 0.46 

RHS356 1001 6894 213000 186 285 0.55 0.52 

PHS305 1060 5639 217603 191 371 0.47 0.58 

PHS356 1050 6731 205582 176 348 0.49 0.58 

 

Figure 6-11: Compressive stress-strain curves for the PHS and RHS stub-columns. 

The longitudinal residual stress measurements, which were verified by the stub-column tests, 

showed that the PHS specimens have approximately 21% higher residual stress than the RHS 

specimens, Table 6-4.  

6.4.5 Cantilever beam bending tests 

A total of 8 cantilever bending tests were completed. The cantilever tests included 4 beams 

fabricated from the PHS305, PHS356, RHS305 and RHS356 cross-sections, Table 6-1. Each 

beam was fitted with welded steel end caps made from 6.4 mm thick plate and was tested twice. 
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The PHS beams were labeled as PHS305A1 and PHS356A1 for the first round of tests, and 

PHS305A2 and PHS356A2 for the second round of tests. Similarly, the RHS beams were labeled 

as RHS305A1, RHS356A1, RHS305A2 and RHS356A2. Figure 6-12 below shows the test set-

up for the cantilever bending tests. The cantilevered length, L, of all the beams was fixed at 4280 

mm.   

 

Figure 6-12: Illustration of the cantilever beam bending test schematic 

 

Figure 6-13: Loading and end support plates for the PHS sections 

  

Figure 6-14: Loading and end support plates for the RHS sections 
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The tests were performed using an MTS servo-hydraulic actuator and control software, Figure 

6-15, at a displacement controlled rate of 2 mm/min. Profiled plates were provided at the 

supports and loading points to match the shapes of the PHS and RHS sections and to ensure 

adequate bearing resistance, Figure 6-13 and Figure 6-14. For each beam, electrical strain gauges 

were attached to each web and flange, Figure 6-12. This was done at 1000 mm, 1500 mm, 2000 

mm and 2500 mm from the front end (loading point) for a total of 32 strain gauges. To measure 

deflection, linear potentiometers (LPs) were positioned at the loading point, back end, and at 

2600 mm from the front end (loading point) of each beam. Two horizontal LPs were placed at 

the front end of each beam to determine if there were any lateral movements of the beams during 

the tests. A load cell was used to measure the applied load which is transferred to the beam 

through a heavy duty short tubular column and bearing plate, Figure 6-15. 

 

Figure 6-15: General view of the cantilever beam bending test set-up. 
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6.5 Results 

Figures 6-16 to 6-27 show the force-strain and force-deflection curves from the cantilever 

bending tests of the RHS305, PHS305, RHS356 and PHS356 beams. It should be noted that the 

required fixed end boundary condition for a true cantilever test was not achieved during the tests 

as evidenced by the deflections recorded using LP5 at the back end of the beams, Figure 6-12 

and Figure 6-18. As such, the ultimate limit state of the beams was not attained. In fact, the tests 

were stopped not due to the failure of the beam but because of the failure of the clamping 

mechanism. Nevertheless, the data collected gave some insight on the differences between RHS 

and PHS beams.  

Figures 6-16 and 6-17 show the strain levels recorded using the strain gauges installed on the top 

flange of the RHS305A1 and PHS305A1 beams, at 1000 mm and 2500 mm from the loading 

point.  

In Figure 6-16, the results show that both the PHS305A1 and RHS305A1 underwent linear 

deformation, and for this location, 1000 mm from the loading point, at a given loading force, the 

PHS305A1 beam experienced higher strain/deformation than the RHS305A1 beam due to the 

former’s lower moment of inertia.  

In Figure 6-17, the results indicate higher strains for the PHS305A1 and RHS305A1 beams; and 

for this region, 2500 mm from the loading point, at a given loading force, the recorded strain 

levels are more or less the same for both beams except at a few load stages. One reason for this 

observation may be that this region experiences higher strains and bending moments. The 

RHS305A1 beam undergoes ovalization, reducing its stiffness. The cross-section of the 

PHS305A1 beam helps minimize ovalization in this region, despite its lower nominal moment of 

inertia.  

Figure 6-18 shows that the deformation at the back end (LP5, Figure 6-12) of each of the 

PHS305A1 and RHS305A1 beams is about 13% of the overall deflection. The data confirms that 

the fixed end boundary condition was not achieved. Figure 6-19 shows the deformation at the 

loading point (LP1, Figure 6-12) for the PHS305A1 and RHS305A1 beams. Up to a load of 

about 22.5 kN, the deflection is higher for the PHS305A1 beam at each given load stage due to 
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its lower moment of inertia. However, beyond this load, it is observed that the deformation of the 

RHS305A1 beam is higher than that of the PHS305A1 beam as the beams now experience 

higher strains and deformation. As previously stated, this may be due to ovalization occurring in 

the RHS which is avoided in the PHS. 

Figure 6-20 shows the deformation at the back end of the PHS305A2 and RHS305A2 beams for 

the second round of tests. Similar to the first round of tests, the results show that the fixed end 

boundary condition was not attained. Figure 6-21 further indicates that the extra bends in the 

PHS305A2 beam help minimize its deformation. At a given loading force, the recorded 

deflections are more or less the same for both beams despite the fact that PHS305A2 has a lower 

moment of inertia. 

 

Figure 6-16: Force-strain curves at 1000 mm from the front end of the RHS305A1 and PHS305A1 beams. 
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Figure 6-17: Force-strain curves at 2500 mm from the front end of the RHS305A1 and PHS305A1 beams. 

 

Figure 6-18: Force-deflection curves at the back end (LP5) of the RHS305A1 and PHS305A1 beams. 
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Figure 6-19: Force-deflection curves at the front end (LP1) of the RHS305A1 and PHS305A1 beams. 

 

Figure 6-20: Force-deflection curves at the back end (LP5) of the RHS305A2 and PHS305A2 beams. 
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Figure 6-21: Force-deflection curves at the front end (LP1) of the RHS305A2 and PHS305A2 beams. 

Figures 6-22 and 6-23 show the strain levels recorded using strain gauges installed on the top 

flange of the RHS356A1 and PHS356A1 beams, at 1000 mm and 2500 mm from the loading 

point. For these larger beams, the recorded strain levels at a given load level were even lower 

due to their higher flexural stiffness. 

In Figure 6-22, the results show that both the PHS356A1 and RHS365A1 underwent only linear 

deformation. For this location, 1000 mm from the loading point, at a given loading force, the 

PHS356A1 beam experienced about 22% higher strain/deformation than the RHS365A1 beam.  

Similarly, in Figure 6-23, the results indicate linear deformation of the PHS356A1 and 

RHS356A1. However, for this region, 2500 mm from the loading point, the PHS356A1 beam 

experienced only about 14% higher strain/deformation than the RHS365A1 beam. A possible 

explanation is that for this higher bending moment region, the RHS underwent ovalization 

reducing its stiffness, while the cross-section of the PHS prevented ovalization.  
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Figure 6-24 shows the deformation at the back end (LP5) of the PHS356A1 and RHS356A1 

beams. It is about 15% of the overall deflection of the beams. This confirms that the fixed end 

boundary condition was not achieved. Figure 6-25 shows the deformation at the loading point 

(LP1) for the PHS356A1 and RHS356A1 beams. For this linear deformation, at a given loading 

force, the deflection is higher for the PHS305A1 beam than the RHS356A1 beam due to the 

former’s lower moment of inertia.  

Figure 6-26 shows the deformation at the back end of the PHS356A2 and RHS356A2 beams for 

the second round of tests. Similar to the first round of tests, the results show that the fixed end 

boundary condition was not attained. Figure 6-27 further shows that for the larger beams, which 

were predominantly only tested in the linear range, the deflection is higher for the PHS356A2 

beam than the RHS356A2 beam.  

 

Figure 6-22: Force-strain curves at 1000 mm from the front end of the RHS356A1 and PHS356A1 beams. 
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Figure 6-23: Force-strain curves at 2500 mm from the front end of the RHS356A1 and PHS356A1 beams. 

 

Figure 6-24: Force-deflection curves at the back end (LP5) of the RHS356A1 and PHS356A1 beams. 
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Figure 6-25: Force-deflection curves at the front end (LP1) of the RHS356A1 and PHS356A1 beams. 

 

Figure 6-26: Force-deflection curves at the back end (LP5) of the RHS356A2 and PHS356A2 beams. 
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Figure 6-27: Force-deflection curves at the front end (LP1) of the RHS356A1 and PHS356A1 beams. 

Figures 6-28 and 6-29 show the lateral deflections recorded using LPs installed in the lateral 

direction at the front end of the RHS305A1, PHS305A1, RHS356A1 and PHS356A1 beams, as 

illustrated in Figure 6-12. For all the tests, the lateral deflections at the top and bottom flanges of 

the beams were minimal (< 2 mm), which is evidence that lateral torsional bending and 

deflections were not significant for PHS and RHS cantilever tests. 

Figure 6-30 shows the deformed shapes of the PHS and RHS beams. A pronounced dent was 

observed in the RHS beam (Figure 6-30 (b)) as compared to the PHS beam (Figure 6-30 (a)), 

which further suggests that the bends of the PHS enabled the cross-section to minimize the 

damage/deformation during testing.  
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Figure 6-28: Lateral force-deflection curves at the front end of the RHS305A1 and PHS305A1 beams. 

 

Figure 6-29: Lateral force-deflection curves at the front end of the RHS356A1 and PHS356A1 beams. 
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(a) (b) 

 

Figure 6-30: Deformed shapes of the PHS (a) and RHS (b) beams. 

6.6 Conclusions 

A series of cantilever beam bending tests have been conducted on the proposed polygonal hollow 

sections (PHS) and typical rectangular hollow sections (RHS). Prior geometric imperfection tests 

showed that any imperfections of the cross-sections were within permitted limits. The residual 

stress and stub-columns tests revealed that the residual stress measurements for all specimens 

were within acceptable limits for cold formed steel (30% - 70%). For the PHS beams tested 

herein, the “flat portions” of the compression flange and web were reduced by about 25% and 

37%, respectively, from a comparable RHS beam. Thus, the PHS beams had a lower cross-

sectional area and lower moment of inertia than the comparable RHS beams. 

The purpose of the cantilever tests was to compare the bending and deflection of the PHS and 

RHS beams in a cantilever setting. However, the results showed that test set-up used to conduct 

the cantilever tests was not suitable for this purpose as the fixed boundary condition was not 

attained.  

Nevertheless, from the results that were attained, it was noticed that in the linear range, the 

proposed PHS experiences higher deflections than the RHS due to its lower moment of inertia, 

particularly shown in the comparisons for the larger PHS356 and RHS356 beams. For the 

smaller PHS305 and RHS305 beams which experienced higher strains, it was observed that in 

the regions of higher bending moments, the PHS305 beam experienced less deformation than the 
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RHS305 beam. Though more tests are required for a definite conclusion, it is likely that the 

bends of the PHS helped minimize ovalization of its cross-section which minimized the 

deformation of the beam.  

Furthermore, the results showed lateral torsional bending is not significant for HSS beams as the 

lateral deflections recorded at the top and bottom of all the beams were minimal (< 2 mm). 
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7 CHAPTER 7: Numerical Modelling of the Structural 
Behavior of the Proposed Polygonal Hollow Section 
and Comparison to the Rectangular Hollow Section 

7.1 Introduction 

There have been few experimental programs on the flexural bending behavior of polygonal 

sections. As such, a full-scale experimental four-point and three-point flexural bending test 

program was initiated using the proposed PHS (Chapter 2). The results showed that the proposed 

PHS has a higher bending strength and rotational capacity when compared to traditional RHS 

with similar cross-sectional area. Following completion of the experimental tests, an extensive 

parametric program was started. The objectives of this program were to initially replicate the 

experimental flexural tests so as to validate the finite element models, and then complete 

numerical flexural bending tests on a wide range of PHS and RHS beams. One hundred and eight 

PHS and RHS beams of varying length, depth, width, and thickness sizes were modeled.  

7.2 Validation of the Numerical Models 

7.2.1 General 

The element chosen for the numerical study was the reduced integration 3D Stress Quadratic 

Hexahedron element, described as C3D20R in Abaqus 16.4-1 (Abaqus, 2014). Researchers, such 

as Gardner (2002), have previously used this element to model the local and global buckling of 

hollow steel flexural members. The mesh size was selected in order to achieve appropriately 

accurate results while minimizing computational time. The initial mesh size estimate was based 

off the value of (h+b)/30 (Chen and Young, 2019), where h and b are the depth and width of the 

cross-section, respectively. The bottom-up meshing technique was used to create a uniform mesh 

in the longitudinal direction, and a finer mesh in the corner regions. The static general NLgeom 

method was used to model the material nonlinearity (Abaqus, 2014).  

7.2.2 Nonlinear material modelling 

Nonlinearity in Abaqus is specified by means of multi-linear stress-strain curves, defined in 

terms of true stress, σtrue, and the log of plastic strain εln (Gardner, 2002). Engineering stress, σeng 

and strain, εeng, were recorded from the completed stub-column tests in Chapter 2 . 
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Consequently, to obtain the true stress-strain curves, the relationships between σeng and εeng, and 

the σtrue and εln, are used, Equations 7.1 and 7.2 below (Gardner and Ministro, 2004): 

σtrue = σeng (1 + εeng)                                                                                                              Eqn. 7.1 

εln = ln (1+ εeng) – (σtrue / E)                                                                                                  Eqn. 7.2 

7.2.3 Geometric imperfections and residual stresses 

During fabrication, distortions were introduced into the PHS and RHS beams due to the cold-

forming process and welding. In addition, during preparation of the coupons, a few of the 

extracted coupons were observed to curve away from their initial geometry. This is due to the 

presence of through-thickness bending residual stresses, common in cold-formed steel. 

Geometric imperfections and residual stresses can affect the moment and rotational capacity of a 

specimen.  

Chen and Young (2019) and Gardner and Ministro (2004) showed that amplitudes of t/75 and 

L/2000 can be used to implement the effects of local imperfections and global imperfections in 

the numerical models, respectively. t/75, where t is the thickness of the cross-section, represents 

the lowest elastic buckling mode shape by eigenvalue analysis, and L/2000, where L is the length 

of a given beam, represents a fixed fraction of a beam’s length (Gardner and Ministro, 2004). In 

contrast, for the residual stresses, previous studies have shown that bending residual stresses are 

already included within the measured stub-column properties, and therefore it is rational not to 

explicitly incorporate them in the flexural bending numerical models (Chen and Young, 2019; 

Chen and Young, 2018; Huang and Young, 2013; Huang and Young, 2014; Ma et al., 2015; 

Zhao et al., 2015). 

7.2.4 Validation 

The validation process involved developing numerical models of the experimental bending tests, 

which included dimensions and lengths of the RHS and PHS test beams in Table 2-1 and Table 

2-2, material properties in Table 2-4, and the stress-strain data from the corresponding stub-

column tests in Chapter 2. The nonlinear finite element results were then compared to the results 

of the PHS and RHS experimental bending tests in Chapter 2 (Kabanda and MacDougall, 2017). 
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Figure 7-1 below shows a general view of one of the finite element models used to complete the 

validation tests.  

 

Figure 7-1: General view of the finite element model of the RHS beam used to complete the numerical study 

Table 7-1 shows the finite element analysis (FEA) results compared to the experimental flexural 

bending results in Chapter 2.  

Figures 7-2 to 7-9 further illustrate the comparisons of the bending moments, deflections and 

strain levels from the numerical and experimental studies.  

At the support and loading points in Figures 7-6 to 7-9, the numerical models were not able to 

accurately predict the experimental strains. A possible explanation is that for the experimental 

tests, the point loads were transferred to the beam using a spreader beam, bearing plate, and 

loading pin. The interaction of these moving parts was not included in the numerical models. 

Consequently, at the support and loading points, the local deformation and bearing effects in the 

numerical and experimental tests were not similar. Nevertheless, the global moment-deflection 

(Figures 7-2 to 7-5) and the strain level (Figures 7-6 to 7-9) results are in generally good 

agreement, Table 7-1, which confirms that the finite element models can be used to complete the 
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parametric study herein. This is evidenced by the mean values of the FEA-to-experimental ratios 

for the moment and deflections of 0.998 and 1.06, respectively. 

Table 7-1: Comparison of the numerical and experimental test results for the RHS and PHS beams. 

  Finite Element Analysis Experimental Analysis     

Test 

Beam 

Max. Moment, 

Mufea (kNm) 

Deflection at 

Max. Moment, 

δfea (mm) 

Max. Moment, 

Muexp (kNm) 

Deflection at 

Max. Moment, 

δexp (mm) 

Mufea / 

Muexp 

δfea / 

δexp 

RHS305 173 23.1 174 22.1 0.994 1.05 

PHS305 299 55.7 300 49.5 0.997 1.12 

RHS356 219 28.7 220 27.8 0.996 1.03 

PHS356 413 65.2 413 63.8 1.000 1.02 

 

Figure 7-2: Bending moment-deflection curves for the RHS305 beam 
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Figure 7-3: Bending moment-deflection curves for the PHS305 beam 

 

Figure 7-4: Bending moment-deflection curves for the RHS356 beam 
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Figure 7-5: Bending moment-deflection curves for the PHS356 beam 

 

Figure 7-6: Strain measurements along the length of the RHS305 beam at 100 kN 
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Figure 7-7: Strain measurements along the length of the PHS305 beam at 100 kN 

 

Figure 7-8: Strain measurements along the length of the RHS356 beam at 100 kN 
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Figure 7-9: Strain measurements along the length of the PHS356 beam at 100 kN 

Figure 7-10 and Figure 7-11 below show the failure modes predicted by the numerical models of 

the RHS and PHS beams, respectively. The deflected models show that, similar to the 

experimental tests, for the RHS beam, there is localized deformation at the loading points as the 

cross-section underwent ovalization reducing its stiffness, while the cross-section of the PHS 

prevented the ovalization.  

 

Figure 7-10: Predicted deflected shape at failure for the RHS beam 
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Figure 7-11: Predicted deflected shape at failure for the PHS beam 

7.3 Parametric Study 

The comparisons between the experimental and finite element analyses showed that the 

numerical models were able to closely predict the moment, deflection and strain results from the 

experimental tests in Chapter 2. Consequently, a parametric study was initiated to generate 

moment-deflection curves for RHS and PHS beams of different cross-sections (width, b, and 

depth, h), thicknesses, t, lengths, L, and moment arms (Table 7-2 and Appendix G). An extensive 

range of cross-section geometries, thicknesses, moment arms and lengths were selected to cover 

a range of slenderness ratios (from slender to stocky, i.e. 32 ≤ h/t ≤ 85; 19 ≤ b/t ≤ 64) and to 

study the effects of shear failure on the RHS and PHS beams (Table 7-2 and Appendix G). A 

total of one hundred and eight nonlinear finite element analyses were completed and each of the 

beams was bent about its major axis via four-point or three-point bending scenarios. 

The dimensions of the cross-sections, moment arms and lengths (3.5 m – 10 m) of the RHS and 

PHS beams used to conduct the four-point and three-point numerical bending simulations are 

provided in Table 7-2. The beams were modeled with simple support conditions, i.e. pin and 

roller boundary conditions at the opposite ends (Figure 7-1). For each of the RHS305, PHS305, 

RHS356 and PHS356 numerical models, the modulus of elasticity, E, used in the analyses is 

listed in Table 2-4, with the corresponding stress-strain data from the stub-column tests in 

Chapter 2. 
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7.3.1 Four-point bending test results 

Figures 7-12 and 7-13 illustrate the typical bending moment-deflection curves from the four-

point bending analyses, where the mid-span moments are plotted against the mid-span 

deflections. Complete results and graphical plots of the four-point bending numerical program 

are provided in Appendix G. In Figure 7-12, the results show that for a 5000 mm long beam with 

a longer moment arm of 2000 mm when compared to that of the experimental tests (1000 mm), 

the PHS305 beam is predicted to have a maximum bending moment, Mu, of 300 kNm at a 

deflection, δ, of 106 mm. The analysis of a similar RHS305 beam predicted a Mu of 173 kNm at 

a δ of 53 mm.  

Similarly, in Figure 7-13, the PHS356 beam predicted a Mu of 414 kNm at a δ of 143 mm while 

the RHS356 beam predicted a Mu of 219 kNm at a δ of 63 mm.  

 

Figure 7-12: Bending moment-deflection curves for the RHS305 and PHS305 beams – 5.0 m long and 2.0 m 

constant moment arm 
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Figure 7-13: Bending moment-deflection curves for the RHS356 and PHS356 beams – 5.0 m long and 2.0 m 

constant moment arm 

7.3.2 Three-point bending test results 

Figures 7-14 and 7-15 illustrate the typical bending moment-deflection curves from the 

numerical three-point bending tests, where the mid-span moments are plotted against the mid-

span deflections. Complete results and graphical plots of the three-point bending numerical 

program are provided in Appendix G. It can be seen in Figure 7-14 that the PHS305 beam with a 

thickness of 6.4 mm is predicted to have a Mu of 209 kNm at a δ of 24 mm. The analysis of a 

similar RHS305 beam predicted a Mu of 104 kNm at a δ of 8 mm.  

Similarly, in Figure 7-15, the PHS356 beam predicted a Mu of 246 kNm at a δ of 40 mm while 

the RHS356 beam predicted a Mu of 98 kNm at a δ of 5 mm.  
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Figure 7-14: Bending moment-deflection curves for the RHS305 and PHS305 beams 

 

Figure 7-15: Bending moment-deflection curves for the RHS356 and PHS356 beams 
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beam has a higher bending moment capacity, compared to an equivalent RHS beam, Table 7-3. 

The results are further evidence that the provision of the bends in the PHS beams gives rise to the 

increase in the moment capacity. As shown in Figure 7-10 and Figure 7-11, the loading points, 

local buckling is more pronounced in the RHS beam than the PHS beam. It is the local buckling 

that induced the premature failure before yielding of the RHS beams which affected their overall 

moment capacities. 

The numerical moment capacity results were used to compute rotational capacities of the PHS 

and RHS beams. The rotational capacity, which is defined as the ability of a beam to rotate such 

that a plastic mechanism can be formed and moments redistributed, was computed as described 

in Chapter 2. The results, Table 7-2, show that for PHS and RHS beams with similar dimensions, 

the PHS beams generally have rotational capacities > 3 while the RHS beams generally have 

rotational capacities < 3. For the RHS, the exception is the RHS 305x203x6.4 beam which has 

rotational capacity = 3.3 indicating that its wall thickness has increased enough that it can be 

considered a Class 1 section (CAN/CSA-S16-14). For the PHS, the exceptions are the beams 

which were analyzed via the three-point bending scenario. Due to the high point loads at the 

loading points, they were not able to achieve their full rotational capacities. Nevertheless, their 

rotational capacities were still higher than those of the RHS. 

The RHS305 and RHS356 beams herein experienced premature local buckling and were 

expected to have rotational capacities < 3, as they are class 3 and class 4 sections, respectively 

(CAN/CSA-S16-14). In contrast, there is currently no specification for the PHS beams. 

Nevertheless, in the CAN/CSA-S16-14, Class 1 sections are expected to have a rotational 

capacity > 3, which is the case herein for the PHS beams tested via the four-point bending 

scenario. The results in Table 7-2 thus provide data for the potential classification of the PHS 

beams as Class 1 sections. This is further evidenced by the results and failure shapes from the 

experimental tests in Chapter 2, which show that PHS beams were able to achieve their plastic 

moment capacities.  
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Table 7-2: Key results from the numerical four-point and three-point bending analyses. 

Cross-

section 

h 

(mm) 

b 

(mm) 

t 

(mm) 

L 

(mm) 

Bending 

test 

Moment 

arm (mm) 

Max. 

Moment, 

Mufea (kNm) 

Deflection at 

Max. Moment, 

δfea (mm) 

Rotation 

RHS305 305 203 6.4 5000 4-point 1400 172.6 52.49 < 3 

RHS356 356 254 6.4 5000 4-point 1400 219.0 63.12 < 3 

PHS305 305 203 6.4 5000 4-point 1400 299.9 106.1 5.3 

PHS356 356 254 6.4 5000 4-point 1400 413.9 142.7 6.1 

RHS305 305 203 4.8 3500 4-point 1000 146.9 23.11 < 3 

RHS356 356 254 4.8 3500 4-point 1000 192.4 23.79 < 3 

PHS305 305 203 4.8 3500 4-point 1000 229.1 56.43 4.1 

PHS356 356 254 4.8 3500 4-point 1000 314.2 65.98 5.2 

RHS305 305 203 4.8 3500 3-point   87.51 8.66 < 3 

RHS356 356 254 4.8 3500 3-point   82.09 4.26 < 3 

PHS305 305 203 4.8 3500 3-point   159.9 23.97 < 3 

PHS356 356 254 4.8 3500 3-point   188.3 52.56 3.2 

RHS305 305 203 7.9 3500 4-point 1000 220.1 23.28 3.3 

RHS356 356 254 7.9 3500 4-point 1000 276.8 27.1 < 3 

PHS305 305 203 7.9 3500 4-point 1000 353.5 54.6 5.9 

PHS356 356 254 7.9 3500 4-point 1000 487.5 63.9 6.7 

RHS305 305 203 7.9 3500 3-point   130.9 8.11 < 3 

RHS356 356 254 7.9 3500 3-point   123.6 3.96 < 3 

PHS305 305 203 7.9 3500 3-point   246.9 23.19 3.1 

PHS356 356 254 7.9 3500 3-point   289.5 35.68 3.9 

RHS305 305 203 6.4 7000 4-point 2000 183.9 100.8 < 3 

RHS356 356 254 6.4 7000 4-point 2000 217.8 114.9 < 3 

PHS305 305 203 6.4 7000 4-point 2000 302.6 213.5 5.2 

PHS356 356 254 6.4 7000 4-point 2000 413.4 273.9 6.1 

RHS254 254 152 4.8 3500 4-point 1000 94.01 27.74 < 3 

RHS406 406 305 4.8 3500 4-point 1000 245.8 25.14 < 3 

PHS254 254 152 4.8 3500 4-point 1000 148.9 67.76 4.4 

PHS406 406 305 4.8 3500 4-point 1000 421.8 57.83 4.9 

RHS254 254 152 4.8 3500 3-point   55.98 10.19 < 3 

RHS406 406 305 4.8 3500 3-point   109.7 3.68 < 3 

PHS254 254 152 4.8 3500 3-point   104.9 28.78 < 3 

PHS406 406 305 4.8 3500 3-point   250.5 32.31 3.2 

RHS254 254 152 6.4 3500 4-point 1000 155.1 36.28 3.3 

RHS406 406 305 6.4 3500 4-point 1000 291.9 22.69 < 3 

PHS254 254 152 6.4 3500 4-point 1000 194.6 67.76 6.2 

PHS406 406 305 6.4 3500 4-point 1000 519.4 57.81 5.8 
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RHS254 254 152 6.4 3500 3-point   72.88 8.64 < 3 

RHS406 406 305 6.4 3500 3-point   130.3 3.47 < 3 

PHS254 254 152 6.4 3500 3-point   135.9 22.85 3.3 

PHS406 406 305 6.4 3500 3-point   308.5 32.41 3.5 

RHS254 254 152 7.9 3500 4-point 1000 149.8 27.74 3.2 

RHS406 406 305 7.9 3500 4-point 1000 466.5 28.71 < 3 

PHS254 254 152 7.9 3500 4-point 1000 235.7 67.76 6.1 

PHS406 406 305 7.9 3500 4-point 1000 577.3 44.89 6.4 

RHS254 254 152 7.9 3500 3-point   89.19 12.13 < 3 

RHS406 406 305 7.9 3500 3-point   142.7 2.94 < 3 

PHS254 254 152 7.9 3500 3-point   166.4 28.91 3.4 

PHS406 406 305 7.9 3500 3-point   404.8 32.06 3.9 

Table 7-3: Maximum moment comparisons for the PHS and RHS beams. 

Section (mm) L (mm) Bending test 
Mufea PHS/    

Mufea RHS         

305x203x6.4 5000 4-point 1.7 

356x254x6.4 5000 4-point 1.9 

305x203x4.8 3500 4-point 1.6 

356x254x4.8 3500 4-point 1.6 

305x203x4.8 3500 3-point 1.8 

356x254x4.8 3500 3-point 2.3 

305x203x7.9 3500 4-point 1.6 

356x254x7.9 3500 4-point 1.8 

305x203x7.9 3500 3-point 1.9 

356x254x7.9 3500 3-point 2.3 

305x203x6.4 7000 4-point 2.1 

356x254x6.4 7000 4-point 2.4 

254x152x4.8 3500 4-point 1.6 

406x305x4.8 3500 4-point 1.7 

254x152x4.8 3500 3-point 1.9 

406x305x4.8 3500 3-point 2.3 

254x152x6.4 3500 4-point 1.3 

406x305x6.4 3500 4-point 1.8 

254x152x6.4 3500 3-point 1.9 

406x305x6.4 3500 3-point 2.4 

254x152x7.9 3500 4-point 1.6 

406x305x7.9 3500 4-point 1.2 

254x152x7.9 3500 3-point 1.9 

406x305x7.9 3500 3-point 2.8 
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The CAN/CSA-S16-14 specification provides guidance for the design of laterally unsupported 

members in flexural bending. Figures 7-16 to 7-19 show the variation of uniform and non-

uniform moment resistance and buckling curves, as per the CAN/CSA-S16-14 clause 13.6 design 

guidelines, and section properties of the RHS and PHS beams. For the PHS beams, it can be seen 

in Figure 7-16 and Figure 7-18 that for shorter length beams or low slenderness, the Mu/Mp 

values are higher than the CAN/CSA-S16-14 guideline but generally follow the slope of curve 

for intermediate slenderness. Therefore CAN/CSA-S16-14 guidelines can be used as a good 

approximation for the design of PHS beams. 

For the RHS beams, it can be seen in Figure 7-17 and Figure 7-19 that for shorter and 

intermediate length beams, the Mu/Mp values are lower than the CAN/CSA-S16-14 guideline. 

The buckling curves herein generally provide a lower bound for the PHS experimental and 

numerical beams while they do not provide a good guideline for the RHS beams of lower or 

intermediate slenderness. This is attributed to the fact the RHS beams herein are class 3 and class 

4 sections and thus do not reach their plastic moment. 

 

Figure 7-16: Mu/Mp vs un-braced length relationship for the PHS305x203x6.4 beam 
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Figure 7-17: Mu/Mp vs un-braced length relationship for the RHS305x203x6.4 

 

Figure 7-18: Mu/Mp vs un-braced length relationship for the PHS356x254x6.4 
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Figure 7-19: Mu/Mp vs un-braced length relationship for the RHS356x254x6.4 

7.5 Conclusions  

A parametric study was conducted using a range of different lengths and geometries to compare 

the RHS and PHS beams. Similar to the experimental data, the numerical results showed that the 

PHS beams have a higher bending moment capacity, almost twice that of the RHS beams. This is 

rather remarkable given that the PHS beams have about 4% lower cross-sectional area and 18% 

lower moment of inertia than comparable RHS beams. It is speculated that the provision of the 

extra bends in the PHS beams gives rise to the increase in the moment capacity. It is likely that 

these bends help minimize local buckling of the cross-section.  

Finally, in comparison to the CAN/CSA-S16-14 design guidelines, the results showed that within 

limits of 32 ≤ h/t ≤ 85 and 19 ≤ b/t ≤ 64 the PHS beams can be classified as Class 1 sections 

while the RHS beams were confirmed to be Class 3 and Class 4 sections.  
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8 CHAPTER 8: Overall Conclusions 

8.1 Summary of Findings 

The proceeding sub-sections summarize the major findings from this thesis:  

a) Comparison of the Moment Rotation Capacities of Rectangular and Polygonal Hollow 

Sections via Experimental Tests 

This chapter introduced the proposed polygonal hollow section and compared its moment 

rotation capacity to that of typical rectangular hollow sections. A total of 12 tests were 

conducted. For the tests herein, the “flat portions” of the compression flange and web of the PHS 

were reduced by about 25% and 37%, respectively, from a comparable RHS. The PHS beams 

thus had a lower cross-sectional area and lower moment of inertia than the comparable RHS 

beams. Despite this, the results showed that the proposed PHS has almost four times the moment 

rotation capacity of a comparable RHS and has the potential to minimize web-crippling failure. It 

was concluded that the bends of the PHS likely helped minimize ovalization of its cross-section, 

which reduced the potential for local buckling and thus significantly improving the rotational 

capacity.  

b) Optimization of the Polygonal Hollow Structural Steel Section in the Elastic Region 

This chapter discussed the numerical optimization of the PHS. Previously completed full-scale 

experimental beam bending tests provided data for the calibration of the numerical model. The 

optimized cross-section has a 9.4% higher bending stiffness with no increase in cross-sectional 

area as compared to the original design. If a 19.6% increase in cross-sectional area is permitted, 

the optimized cross-section has a 40.5% higher bending stiffness than the original design. 

c) Comparative Experimental Investigation of the Effects of Local Buckling on Polygonal 

and Rectangular Hollow Structural Sections  

In this chapter, the PHS was compared to the RHS via an experimental program consisting of 

stub-column tests and three-point bending tests. For the three-point bending tests, the beams had 

a span-to-depth ratio of approximately 3. The results showed that for deep beams with similar 
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cross-sectional dimensions, the proposed PHS was able to reach its yield moment capacity. In 

contrast, the RHS failed due to local buckling at about 40% below its yield moment capacity. For 

the stub-column tests, the PHS stub-columns failed above their expected nominal material yield 

strengths, while the RHS failed at stresses 22% and 36% below the nominal yield strength due to 

the initiation of local buckling. Therefore, the PHS cross-section has the potential to minimize 

the local buckling failure mechanism, and improve the cross-sectional capacity of thin-walled 

cold-formed steel sections. 

d) Behavioral Comparison of Cantilever Polygonal and Rectangular Hollow Section Beams 

The purpose of this chapter was to study the global cantilever bending behavior of the PHS, and 

compare it to that of the RHS. However, the results showed that the test set-up used to conduct 

the cantilever tests was not suitable for this purpose as the required fixed boundary condition was 

not fully achieved. Nevertheless, from the data that was recorded, it was observed that in the 

linear range, the proposed PHS experienced higher deflections than the RHS due to its lower 

moment of inertia for the larger PHS356 and RHS356 beams. For the smaller PHS305 and 

RHS305 beams which experienced higher strains, it was observed that in the regions of higher 

bending moments, the PHS305 beam experienced less deformation than the RHS305 beam. 

Furthermore, the results showed that lateral torsional bending is not significant for HSS beams as 

the lateral deflections recorded at the top and bottom of all the beams were minimal (< 2 mm). 

e) Numerical Modelling of the Structural Behavior of the Proposed Polygonal Hollow 

Section and Comparison to the Rectangular Hollow Section 

In this chapter, numerical analyses were conducted to simulate the bending behavior of PHS 

beams and to consider the effects of varying specimen dimensions that were not investigated in 

the experimental program. The results were compared to those of RHS beams. Previously 

conducted full-scale flexural bending and stub-column experimental tests provided data for the 

calibration of the numerical models. Similar to the experimental data, the numerical results 

showed that the PHS beams have a higher bending moment capacity, almost twice that of the 

RHS beams. This is rather remarkable given that the PHS beams have a lower cross-sectional 

area and moment of inertia than the comparable RHS beams. It is speculated that the provision of 

the extra bends in the PHS beams gave rise to the increase in the moment capacity. Finally, in 
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comparison to the CAN/CSA-S16-14 design guidelines, the results showed that within the limits 

of 32 ≤ h/t ≤ 85; 19 ≤ b/t ≤ 64 the PHS beams can be classified as Class 1 sections while the RHS 

beams were confirmed to be Class 3 and Class 4 sections.  

8.2 Suggestions for Future Studies 

The following are recommended for future research: 

a) In the longer term, there is potential for the PHS to be used in other applications, such as 

hollow structural beams used in bridges and off-shore structures which require longer span 

beams that are more resistant to fatigue. Furthermore, as Canada continues to develop its 

resources (mining, natural gas, off-shore wind, etc.), the demand for engineers to work in these 

industries is growing. Increasingly, these industries need innovative solutions to deal with global 

competition and work in remote regions. Structures are needed that are light-weight, durable, 

cost-effective, and reliable. Tubular steel sections such as the PHS provide one solution. 

Therefore, there is a need to conduct more research on the application of the PHS in these 

sectors. 

b) PHS beams are used in the design of unsupported cantilever systems/over-hanging 

beams/booms, which are now frequently used in the construction and industrial sectors. Despite 

the fact that these unsupported cantilevers are being used more in these sectors, there are limited 

research and experimental analyses of these systems in the public domain. In this research study, 

an attempt was made to test the PHS in a cantilever bending scenario. However, the test set-up 

that was used to complete the tests was not able to provide the required fully fixed boundary end 

condition for a true cantilever bending test. As such, there is still a need to conduct cantilever 

bending tests using the PHS. 

c) There is a need to conduct tests on non-uniform, galvanised and telescoping PHS beams. 

This would be particularly important as there is an increased use of non-uniform, galvanised, and 

telescoping hollow sections in various structural applications in the construction industry. The 

tests would include both experimental and non-linear finite element analyses.   



 

114 

 

d) This study has shown that bending strength and rotational capacity increase due to the 

bends in the cross-section of hollow structural sections. Previous studies have also shown that 

the crush strength increases as the number of corners in the cross-section increases. However, the 

optimization study showed that the optimal cross-section approximated a smooth oval shape on 

the compression side. There is, therefore, a need to determine the number of bends beyond which 

the increase in bending strength and rotational capacity saturates. 
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Appendices 

A. Summary of Web and Flange Slenderness Limits for Rectangular and 
Square Hollow Sections 

A steel beam cannot sustain infinite curvature, and at some curvature failure occurs. The most 

common mode of failure is local buckling (instability) of the plate elements in the section, 

although material failure is another possible failure mode. If it is assumed that there is adequate 

lateral restraint to ensure that no failure occurs due to out-of-plane lateral buckling, beams may 

fail before reaching the yield moment, My, or the plastic moment, Mp. If the beam can reach the 

plastic moment, the rotational capacity, R, is the measure of how much the plastic hinge can 

rotate before failure occurs. To calculate, R, the moment-curvature graph is normalized with 

respect to the plastic moment and plastic curvature, Kp = Mp/EI, where E is Young’s modulus of 

elasticity and I is the second moment of area of the section. Assuming buckling occurs after the 

moment increases above Mp, then the moment drops below Mp at some curvature K1. The 

rotational capacity is commonly defined as: 

R = (K1/Kp – 1)                                                                                                                     Eqn. A1 

 

 

 

 

 

 

 

 

Figure A1: Illustration of the classification of steel sections according to the Canadian steel code 
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Limits on the slenderness of the webs and flanges are the basis of determining the class for a 

particular beam cross-section. The Canadian steel code (CAN/CSA-S16-14) divides beams into 

four classes (Figure A1); 

1) Class 1 sections can attain the plastic moment at ultimate limit states and have plastic 

rotational capacity sufficient for plastic design. Such sections are referred to as plastic sections. 

2) Class 2 sections can develop the plastic moment at ultimate limit states but have limited 

rotational capacity and are considered unsuitable for plastic hinge formation. Class 2 sections 

may be known as compact sections. 

3) Class 3 sections can reach the yield moment, but cannot reach the plastic moment due to 

local buckling. Such sections are sometimes called non-compact. 

4) Class 4 sections cannot reach the yield moment due to local buckling. They are also 

known as slender sections. 

Table A1 below shows the nomenclature from other classifications, e.g. the Eurocode 3 (CEN, 

2005a), the British Standard for the design, fabrication, and erection of structural steelwork (BS 

5950), the Australian standard (AS 4100) and the American Institute of Steel Construction 

(ANSI/AISC 360-16). It can be seen that the flange slenderness limits in these three standards 

are similar.  

Table A1: Steel beam classifications from other standards 

Specification     

CEN 2005a Class 1 Class 2 Class 3 Class 4 

BS 5950 Plastic Compact Semi-compact Slender 

AS 4100 Compact Non-Compact Non-Compact Slender 

AISC 360-16 Compact Non-Compact Non-Compact Slender 

 

 

 



 

123 

 

B. Geometric Imperfection Measurements 

Prior to testing the specimens, samples of the rectangular and polygonal hollow sections, Figure 

B1, were subjected to careful geometrical measurement. The entire cross-section of each sample 

specimen was scanned using an edge ArmScan, Figure B2, and input into AutoCAD so as to 

determine the minimum and maximum imperfection amplitudes. 

 

Figure B1: Cutting a RHS beam sample for the geometric imperfection measurements 

 

Figure B2: A sample section of a PHS beam being scanned by the edge ScanArm  
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 Flexural bending tests (Chapter 2) imperfection measurements: 

Table B1: Imperfection measurements for the RHS 305x203x6.4 mm 

Measurement min./mm max./mm 

Flange 0.37 0.71 

Web 0.22 0.39 

Table B2: Imperfection measurements for the RHS 356x254x6.4 mm 

Measurement min./mm max./mm 

Flange 0.26 0.74 

Web 0.24 0.97 

Table B3: Imperfection measurements for the PHS 305x203x6.4 mm 

Measurement min./mm max./mm 

Flange 0.21 0.91 

Web 0.15 0.85 

Table B4: Imperfection measurements for the PHS 356x254x6.4 mm 

Measurement min./mm max./mm 

Flange 0.31 1.01 

Web 0.17 0.92 

 Cantilever bending tests (Chapter 6) imperfection measurements: 

Table B5: Imperfection measurements for the RHS 305x203x6.4 mm 

Measurement min./mm max./mm 

Flange 0.15 0.68 

Web 0.05 0.47 

Table B6: Imperfection measurements for the RHS 356x254x6.4 mm 

Measurement min./mm max./mm 

Flange 0.19 0.84 

Web 0.21 0.69 

Table B7: Imperfection measurements for the PHS 305x203x6.4 mm 

Measurement min./mm max./mm 

Flange 0.23 0.89 

Web 0.19 0.77 

Table B8: Imperfection measurements for the PHS 356x254x6.4 mm 

Measurement min./mm max./mm 

Flange 0.26 0.83 

Web 0.29 0.95 
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C. Tensile Coupon Tests 

The tensile stress-strain properties along the faces of investigated PHS and RHS were obtained 

through tensile coupon tests. Using an Instron 250 kN hydraulic testing machine, Figure C1, a 

total of 30 tensile tests were completed for each of the flexural and cantilever bending test 

phases. The coupons were prepared and tested in accordance with ASTM A370. For the RHS 

specimens, three flat coupons at locations 1, 2 and 4, and two corner coupons at locations 3 and 5 

were extracted, Figure C2. For the PHS specimens, six flat coupons at locations 6, 9, 10, 11, 12 

and 13, and four corner coupons at locations 7, 8, 14 and 15 were extracted, Figure C2.  

 

Figure C1: General view of the tensile coupon experimental set-up.

 

Figure C2: Locations of the extracted coupons and residual stress measurements. 
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 Flexural bending test phase (Chapter 2) tensile coupon results: 

 

Figure C3: Stress-strain curves from the tensile coupon tests at location 1 for the RHS305 and RHS356 sections 

 

Figure C4: Stress-strain curves from the tensile coupon tests at location 2 for the RHS305 and RHS356 sections 
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Figure C5: Stress-strain curves from the tensile coupon tests at location 3 for the RHS305 and RHS356 sections 

 

Figure C6: Stress-strain curves from the tensile coupon tests at location 5 for the RHS305 and RHS356 sections 
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Figure C7: Stress-strain curves from the tensile coupon tests at location 6 for the PHS305 and PHS356 sections 

 

Figure C8: Stress-strain curves from the tensile coupon tests at location 7 for the PHS305 and PHS356 sections 
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Figure C9: Stress-strain curves from the tensile coupon tests at location 8 for the PHS305 and PHS356 sections 

 

Figure C10: Stress-strain curves from the tensile coupon tests at location 9 for the PHS305 and PHS356 sections 
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Figure C11: Stress-strain curves from the tensile coupon tests at location 10 for the PHS305 and PHS356 sections 

 

Figure C12: Stress-strain curves from the tensile coupon tests at location 12 for the PHS305 and PHS356 sections 
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Figure C13: Stress-strain curves from the tensile coupon tests at location 13 for the PHS305 and PHS356 sections 

 

Figure C14: Stress-strain curves from the tensile coupon tests at location 14 for the PHS305 and PHS356 sections 
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Figure C15: Stress-strain curves from the tensile coupon tests at location 15 for the PHS305 and PHS356 sections 

 Cantilever bending test phase (Chapter 6) tensile coupon results: 

 

Figure C16: Stress-strain curves from the tensile coupon tests at location 1 for the RHS305 and RHS356 sections 
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Figure C17: Stress-strain curves from the tensile coupon tests at location 2 for the RHS305 and RHS356 sections 

 

Figure C18: Stress-strain curves from the tensile coupon tests at location 3 for the RHS305 and RHS356 sections 
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Figure C19: Stress-strain curves from the tensile coupon tests at location 5 for the RHS305 and RHS356 sections 

 

Figure C20: Stress-strain curves from the tensile coupon tests at location 6 for the PHS305 and PHS356 sections 
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Figure C21: Stress-strain curves from the tensile coupon tests at location 7 for the PHS305 and PHS356 sections 

 

Figure C22: Stress-strain curves from the tensile coupon tests at location 8 for the PHS305 and PHS356 sections 
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Figure C23: Stress-strain curves from the tensile coupon tests at location 9 for the PHS305 and PHS356 sections 

 

Figure C24: Stress-strain curves from the tensile coupon tests at location 10 for the PHS305 and PHS356 sections 
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Figure C25: Stress-strain curves from the tensile coupon tests at location 12 for the PHS305 and PHS356 sections 

 

Figure C26: Stress-strain curves from the tensile coupon tests at location 13 for the PHS305 and PHS356 sections 
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Figure C27: Stress-strain curves from the tensile coupon tests at location 14 for the PHS305 and PHS356 sections 

 

Figure C28: Stress-strain curves from the tensile coupon tests at location 15 for the PHS305 and PHS356 sections 
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D. Residual Stress Analysis 

The residual stresses were measured using the sectioning method. The sections from the 

geometric imperfection measurements were used to complete the tests. Strain gages were placed 

on the inner and outer surfaces of each representative section in the longitudinal direction, Figure 

D1. The strain gage locations are shown in Figure C2; locations A – I for the RHS and J – R for 

the PHS. Initial inner and outer strains were recorded using a model P3 strain gage recorder and 

the section was then cut into strips with strain gages on each side. After cutting, the final inner 

and outer strain measurements were recorded for each strip. The cut strips undergo axial 

deformation and bending due to membrane and bending components of the unloading stress. 

The recorded initial and final strains were converted to stresses by multiplying them with the 

measured Young’s modulus. These stresses were then used to derive the maximum longitudinal 

residual stress ratio, σrs/σy (Figures D2 and D3), using the Davison and Berkimoe (1983) 

relationship, Figure D4. 

 

Figure D1: Strain gages on the inner and outer surfaces of a representative RHS 305x203x6.4 mm section. 
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 Flexural bending test phase (Chapter 2) residual stress results: 

 

Figure D2: Residual stress measurements at corresponding strain gauge locations 

 Cantilever bending test phase (Chapter 6) residual stress results: 

 

Figure D3: Residual stress measurements at corresponding strain gauge locations 
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Figure D4: Relationship between unloading stress and in-situ longitudinal residual stress.  
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E. Experimental Beam Bending Tests 

 

Figure E1: View of the installed linear potentiometers (LPs) and strain gauges on a beam specimen during testing 

 Flexural four-point bending test results: 

 

Figure E2: Bending force-deflection curves for the RHS305 and PHS305 beams 
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Figure E3: Bending force-deflection curves for the RHS356 and PHS356 beams 

 Lateral deflections for the flexural four-point bending tests: 

 

Figure E4: Force-deflection curves of the web of the RHS305 and PHS305 beams 
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Figure E5: Force-deflection curves of the web of the RHS356 and PHS356 beams 

The results in Figures E4 and E5 show that lateral torsional bending is not significant for HSS 

beams during the experimental flexural bending tests as the lateral deflections recorded along the 

web of all the beams were minimal (< 5 mm). 

 Sample computation of the moment-rotation capacities: 

 

Figure E6: Normalized moment-deflection curves for the RHS305 and PHS305 beams 
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Figure E7: Normalized moment-deflection curves for the RHS356 and PHS356 beams 

 

Figure E8: Moment-curvature graph for the RHS356 beam 
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Figure E9: Moment-curvature graph for the PHS356 beam 
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F. Strain Data Analysis 

Figures F1, F2, F3 and F4 show the strain distribution along the depth of the cross-section of the 

RHS305, PHS305, RHS356 and PHS356 beams at different load levels during the four-point 

bending experimental tests. The strain at the neutral axis for all the beams was more or less zero, 

as was expected. 

Figures F5, F6, F7 and F8 show the force-strain curves at the top and bottom flanges of the 

cross-section of the RHS305, PHS305, RHS356 and PHS356 beams during the cantilever 

bending experimental tests. It can be seen that at a given distance from the loading point, the 

strain increases linearly as the force is increased throughout the tests, further indication that 

nonlinearity was not attained for the cantilever tests. As with the flexural bending tests, the strain 

at the neutral axis for all the cantilever beams was more or less zero. 

 Flexural bending test phase (Chapter 2) strain gauge results: 

 

Figure F1: Strain distribution along the cross-section of the RHS305 beam at different load levels 
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Figure F2: Strain distribution along the cross-section of the PHS305 beam at different load levels 

 

Figure F3: Strain distribution along the cross-section of the RHS356 beam at different load levels 

-152.5 

-122 

-91.5 

-61 

-30.5 

0 

30.5 

61 

91.5 

122 

152.5 

-5000 -3000 -1000 1000 3000 5000 

H
ei

g
h

t 
o

f 
cr

o
ss

-s
e
ct

io
n

 (
m

m
) 

Strain (μ*10-6) 

50kN 

100kN 

200kN 

300kN 

400kN 

-178 

-133.5 

-89 

-44.5 

0 

44.5 

89 

133.5 

178 

-5000 -3000 -1000 1000 3000 5000 

H
ei

g
h

t 
o

f 
cr

o
ss

-s
e
ct

io
n

 (
m

m
) 

Strain (μ*10-6) 

50kN 

100kN 

200kN 

300kN 



 

149 

 

 

Figure F4: Strain distribution along the cross-section of the PHS356 beam at different load levels 

 Cantilever bending test phase (Chapter 6) strain gauge results: 

 

Figure F5: Force vs strain graphs at a given distance from the loading point for the RHS305 beam 
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Figure F6: Force vs strain graphs at a given distance from the loading point for the PHS305 beam 

 

Figure F7: Force vs strain graphs at a given distance from the loading point for the RHS356 beam 
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Figure F8: Force vs strain graphs at a given distance from the loading point for the PHS356 beam 
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G. Finite Element Analyses 

The analysis results, cross-sectional dimensions, moment arms and lengths (3.5 m – 10 m) of the 

RHS and PHS beams used to conduct the four-point numerical bending analyses are described 

below.  

In Figure G1, for the 5000 mm beams with a moment arm of 1400 mm, the PHS305 beam was 

predicted to have a maximum bending moment, Mu, of 299 kNm at a deflection, δ, of 99 mm. 

The analysis of a similar RHS305 beam predicted a Mu of 171 kNm at a δ of 48 mm. Likewise, 

in Figure G2, the PHS356 beam predicted a Mu of 413 kNm at a δ of 134 mm while the RHS356 

beam predicted a Mu of 220 kNm at a δ of 62.01 mm.  

In Figure G3, for the 5000 mm long beams with a moment arm of 1000 mm similar to that of the 

experimental tests, the PHS305 beam was predicted to have a Mu of 300 kNm at a δ of 111 mm. 

The analysis of a similar RHS305 beam predicted a Mu of 184 kNm at a δ of 46 mm. Similarly, 

in Figure G4, the PHS356 beam predicted a Mu of 414 kNm at a δ of 127 mm while the RHS356 

beam predicted a Mu of 219 kNm at a δ of 53 mm.  

In Figure G5, for the 3500 mm beams with a moment arm of 1000 mm and thickness of 4.8 mm, 

the PHS305 beam was predicted to have a Mu of 229 kNm at a δ of 56 mm. The analysis of a 

similar RHS305 beam predicted a Mu of 147 kNm at a δ of 23 mm. Likewise, in Figure G6, the 

PHS356 beam predicted a Mu of 314 kNm at a δ of 66 mm while the RHS356 beam predicted a 

Mu of 192 kNm at a δ of 24 mm.      

In Figure G7, for the 3500 mm beams with a moment arm of 1000 mm and thickness of 7.9 mm, 

the PHS305 beam was predicted to have Mu of 270 kNm at a δ of 41 mm. The analysis of a 

similar RHS305 beam attained a Mu of 220 kNm at a δ of 23 mm. Likewise, in Figure G8, the 

PHS356 beam predicted a Mu of 371 kNm at a δ of 49 mm while the RHS356 beam predicted a 

Mu of 229 kNm at a δ of 19 mm.  
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In Figure G9, for the 7000 mm long beams with a moment arm of 2000 mm and thickness of 6.4 

mm, the PHS305 beam was predicted to have a Mu of 303 kNm at a δ of 214 mm. The analysis 

of a similar RHS305 beam predicted a Mu of 184 kNm at a δ of 101 mm. Similarly, in Figure 

G10, the PHS356 beam predicted a Mu of 413 kNm at a δ of 274 mm while the RHS356 beam 

predicted a Mu of 218 kNm at a δ of 115 mm.  

In Figure G11, for the 3500 mm long beams with a moment arm of 1000 mm and thickness of 

4.8 mm, the PHS254 beam was predicted to have a Mu of 149 kNm at a δ of 68 mm. The 

analysis of a similar RHS254 beam predicted a Mu of 94 kNm at a δ of 28 mm. Likewise, in 

Figure G12, the PHS406 beam predicted a Mu of 422 kNm at a δ of 58 mm while the RHS406 

beam predicted a Mu of 246 kNm at a δ of 25 mm.  

In Figure G13, for the 3500 mm long beams with a moment arm of 1000 mm and thickness of 

6.4 mm, the PHS254 beam was predicted to have a Mu of 195 kNm at a δ of 68 mm. The 

analysis of a similar RHS254 beam predicted to have a Mu of 155 kNm at a δ of 36 mm. 

Likewise, in Figure G14, the PHS406 beam predicted a Mu of 519 kNm at a δ of 59 mm while 

the RHS406 beam predicted a Mu of 155 kNm at a δ of 36 mm.  

In Figure G15, for the 3500 mm long beams with a moment arm of 1000 mm and thickness of 

7.9 mm; the PHS254 beam was predicted to have a Mu of 236 kNm at a δ of 68 mm. The 

analysis of a similar RHS254 beam predicted a Mu of 150 kNm at a δ of 28 mm. Similarly, in 

Figure G16, the PHS356 beam predicted a Mu of 577 kNm at a δ of 45 mm while the RHS356 

beam predicted a maximum bending moment Mu of 150 kNm at a δ of 28 mm.  
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Figure G1: Bending moment-deflection curves for the RHS305 and PHS305 beams – 5.0 m long and 1.4 m constant 

moment arm 

 

Figure G2: Bending moment-deflection curves for the RHS356 and PHS356 beams – 5.0 m long and 1.4 m constant 
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Figure G3: Bending moment-deflection curves for the RHS305 and PHS305 beams – 5.0 m long and 1.0 m constant 

moment arm 

 

Figure G4: Bending moment-deflection curves for the RHS356 and PHS356 beams – 5.0 m long and 1.0 m constant 
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Figure G5: Bending moment-deflection curves for the RHS305 and PHS305 beams – 3.5 m long and 1.0 m constant 

moment arm 

 

Figure G6: Bending moment-deflection curves for the RHS356 and PHS356 beams – 3.5 m long and 1.0 m constant 
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Figure G7: Bending moment-deflection curves for the RHS305 and PHS305 beams – 3.5 m long and 1.0 m constant 

moment arm 

 

Figure G8: Bending moment-deflection curves for the RHS356 and PHS356 beams – 3.5 m long and 1.0 m constant 
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Figure G9: Bending moment-deflection curves for the RHS305 and PHS305 beams – 7.0 m long and 2.0 m constant 

moment arm 

 

Figure G10: Bending moment-deflection curves for the RHS356 and PHS356 beams – 7.0 m long and 2.0 m 

constant moment arm 

0 

50 

100 

150 

200 

250 

300 

350 

400 

450 

0 50 100 150 200 250 300 350 

M
o
m

en
t,

 k
N

m
 

Deflection, mm 

PHS305 (305x203x6.4 mm) - FEA 

RHS305 (305x203x6.4 mm) - FEA 

0 

50 

100 

150 

200 

250 

300 

350 

400 

450 

0 50 100 150 200 250 300 350 

M
o

m
en

t,
 k

N
m

 

Deflection, mm 

PHS356 (356x254x6.4 mm) - FEA 

RHS356 (356x254x6.4 mm) - FEA 



 

159 

 

 

Figure G11: Bending moment-deflection curves for the RHS254 and PHS254 beams – 3.5 m long and 1.0 m 

constant moment arm 

 

Figure G12: Bending moment-deflection curves for the RHS406 and PHS406 beams – 3.5 m long and 1.0 m 

constant moment arm 
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Figure G13: Bending moment-deflection curves for the RHS254 and PHS254 beams – 3.5 m long and 1.0 m 

constant moment arm 

 

Figure G14: Bending moment-deflection curves for the RHS406 and PHS406 beams – 3.5 m long and 1.0 m 

constant moment arm 
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Figure G15: Bending moment-deflection curves for the RHS254 and PHS254 beams – 3.5 m long and 1.0 m 

constant moment arm 

 

Figure G16: Bending moment-deflection curves for the RHS406 and PHS406 beams – 3.5 m long and 1.0 m 

constant moment arm 
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The analysis results and cross-sectional dimensions of the 3.5 m long RHS and PHS beams used 

to conduct the three-point numerical bending analyses are described below. In Figure G17, the 

PHS305 beam with a thickness of 4.8 mm was predicted to have a Mu of 160 kNm at a δ of 24 

mm. The analysis of a similar RHS305 beam attained a Mu of 88 kNm at a δ of 9 mm. In Figure 

G18, the PHS356 beam predicted a Mu of 188 kNm at a δ of 53 mm while the RHS356 beam 

predicted a Mu of 82 kNm at a δ of 4 mm.  

In Figure G19, the PHS305 beam with a thickness of 7.9 mm was predicted to have a Mu of 247 

kNm at a δ of 23 mm. The analysis of a similar RHS305 beam predicted a Mu of 131 kNm at a δ 

of 8 mm. Similarly, in Figure G20, the PHS356 beam predicted a Mu of 290 kNm at a δ of 36 

mm while the RHS356 beam predicted a Mu of 124 kNm at a δ of 4 mm.  

In Figure G21, the PHS254 beam with a thickness of 4.8 mm was predicted to have a Mu of 105 

kNm at a δ of 29 mm. The analysis of a similar RHS254 beam predicted a Mu of 56 kNm at a δ 

of 10 mm. Likewise, in Figure G22, the PHS406 beam predicted a Mu of 251 kNm at a δ of 32 

mm while the RHS406 beam predicted a Mu of 110 kNm at a δ of 4 mm.  

In Figure G23, the PHS254 beam with a thickness of 6.4 mm was predicted to have a Mu of 136 

kNm at a δ of 23 mm. The analysis of a similar RHS254 beam predicted a Mu of 73 kNm at a δ 

of 9 mm. Likewise, in Figure G24, the PHS406 beam predicted a Mu of 309 kNm at a δ of 32 

mm while the RHS406 beam predicted a Mu of 130 kNm at a deflection δ of 3 mm.  

In Figure G25, the PHS254 beam with a thickness of 7.9 mm was predicted to have a Mu of 166 

kNm at a δ of 29 mm. The analysis of a similar RHS254 beam predicted a Mu of 89 kNm at a δ 

of 12 mm. Similarly, in Figure G26, the PHS406 beam predicted a Mu of 405 kNm at a δ of 32 

mm while the RHS406 beam predicted a Mu of 143 kNm at a δ of 3 mm.  
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Figure G17: Bending moment-deflection curves for the RHS305 and PHS305 beams 

 

Figure G18: Bending moment-deflection curves for the RHS356 and PHS356 beams 
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Figure G19: Bending moment-deflection curves for the RHS305 and PHS305 beams 

 

Figure G20: Bending moment-deflection curves for the RHS356 and PHS356 beams 
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Figure G21: Bending moment-deflection curves for the RHS254 and PHS254 beams 

 

Figure G22: Bending moment-deflection curves for the RHS406 and PHS406 beams 
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Figure G23: Bending moment-deflection curves for the RHS254 and PH254 beams 

 

Figure G24: Bending moment-deflection curves for the RH406 and PHS406 beams 
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Figure G25: Bending moment-deflection curves for the RHS254 and PHS254 beams 

 

Figure G26: Bending moment-deflection curves for the RHS406 and PHS406 beams 
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