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Abstract 

This thesis consists of two sections: the first section evaluates the structural behaviour of hollow 

structural sections (HSS) including polygonal hollow sections (PHS) and rectangular hollow sections 

(RHS) under weak-axis four-point loading, and the second section focuses on the complementary 

structural evaluation of PHS and RHS beams via distributed fiber optic strain sensors (DFOS). The 

moment capacity of the RHS tested were determined to be higher than that of their companion PHS: 32% 

higher for an RHS305×203×6.4 versus a PHS305×203×6.4 and 40% higher for an RHS356×254×6.4 

versus a PHS356×254×6.4. Local buckling on the compression flange/upper part of the web was observed 

to be the primary failure mode for all beams. Vertical crushing was observed to be more extensive on 

PHS beams than on RHS beams due to the flattening and folding of the diagonal corners of the PHS 

beams. 

The performance of DFOS was evaluated for thin-walled hollow steel sections under bending and it was 

determined that it can effectively to identify stress concentrations at loading points and to monitor the 

evolution of local buckling and other failure modes. The integration of strains from DFOS can be used to 

calculate beam deflections within the linear elastic response range of a thin-walled beam with the 

accuracy of these calculation results depending on the coverage of beam along its length. The calculated 

deflections were observed to be 15-20% lower than deflections measured from conventional linear 

potentiometers for RHS beams with the optical fibers covering 90% of the beam length; whereas the 

calculated deflections were seen to be 20-30% lower for PHS beams with a fiber coverage of 82-87% of 

the beam length. 
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Chapter 1 

Introduction 

1.1 Overview 

1.1.1 Hollow Structural Sections (HSS) 

Hollow structural sections (HSS) are manufactured steel sections typically of circular, rectangular, or 

square cross-section. The use of HSS is growing in popularity globally and  in the United States alone 

accounts for approximately 18% of the structural steel market (AISC, 2021). Common uses include 

architecturally exposed structural steel, staggered truss and conventional truss structures, and basic 

column or vertical bracing elements (AISC, 2021). Hollow structural sections are widely used in the 

construction industry due to their high torsional rigidity as compared to I-shaped beams, which, without 

bracing, can be susceptible to lateral-torsional buckling.  

HSS are often used for the telescopic booms of cranes, an example of which is shown in Figure 1.1.  

 

Figure 1.1: Telescopic boom crane truck 
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As shown in Figure 1.2 a telescopic boom crane is a hydraulic-powered crane consisting of a series of 

nested hollow sections that can be extended using a series of pulleys and cables. The crane can be 

mounted on a wheel undercarriage for transport to construction sites, or can be mounted on the roof of a 

skyscraper to aid in building maintenance, as can be seen in Figure 1.3. 

 

Figure 1.2: Details of telescopic boom (Kumar & Parvez, 2012) 

 

Figure 1.3: Outrigger boom on rooftop for building maintenance (Kabanda, 2020) 

 

The boom is the main structural element of a crane used to lift the load (Kumar & Parvez, 2012) and in a 

simplistic way acts as a long cantilever beam. Figure 1.4 shows several candidate cross-sections for the 
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boom of a crane. Note that the gray cross-hatched areas in the figure represent the sliding pads between 

different sections of the boom, as shown in Figure 1.2. To provide sufficient strength and stiffness for the 

bending stresses due to the operational loading, a deep section (Section 1) is typically needed. However, 

given the small wall thickness, the web can be susceptible to local buckling. Although the wall thickness 

could be increased, this is not ideal as it adds material and weight to the boom. Instead, local buckling can 

be addressed by reducing the straight “length” of the web by adding bends in the corners (Section 2). The 

large compressive stresses in the compression flange (i.e. the bottom flange for a cantilever beam) means 

that it is also susceptible to local buckling, and so its length must also be reduced by adding bends 

(Sections 4, 5, 6). In the extreme, the bottom portion of the boom takes a semi-circular shape (Section 7). 

Section 7 will actually have a lower moment of inertia than Section 1, and so to address this, the width of 

the bottom flange can be extended (Section 8), a section referred to as a semi-oval hollow section. 

 

Figure 1.4: Development of the cross-section shapes  (Hamme & Henkel, 2013) 

 

However, the curved shape and varying radii needed to fabricate a semi-oval cross-section requires 

specialized manufacturing, especially for welded sections (Kabanda, 2020). The 10-sided polygonal shape 

shown in Figure 1.5(b) has been used by some crane fabricators and has been found to have acceptable 

strength and stiffness for boom crane applications while still being economical to fabricate. For example, 

(Kabanda & MacDougall, 2017) showed that this PHS had improved strength and rotational capacity 
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during strong axis bending when compared to a similar rectangular hollow section. The shape shown in 

Figure 1.5(b) will be termed a polygonal hollow section (PHS) in this thesis.  

Although there is extensive design guidance for engineers using conventional square, rectangular, or 

circular hollow sections, there is little literature available for more exotic shapes like those shown in 

Figure 1.5. More widely available guidance would help crane manufacturers improve their designs, while 

at the same time could open opportunities for these shapes to be used in other applications.   

On the other hand, studies of PHS under weak axis bending are still limited. Although operational loading 

leading to strong axis bending will govern the design, loads such as wind will lead to bending about the 

weak axis for PHS used in telescopic boom cranes, high-rise buildings, and other structural applications. 

The combination of these loads on PHS can be seen in Figure 1.6. Therefore, more investigation on the 

structural behaviour of PHS under weak-axis bending is warranted.  

 

Figure 1.5: Illustration of (a) Semi-oval hollow section; (b) PHS 
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Figure 1.6: Combination of loads on PHS 

 

 

 

1.1.2  Distributed Fiber Optic Strain Sensors 

Distributed fiber optic strain sensors (DFOS) use fiber optic technology to measure strain. The sensor 

detects changes in light transmission when the object it is attached to experiences change in strain. DFOS 

has the ability to measure strains on in a structure at thousands of locations over several meters (Tacuna, 

2021).  

A common application of DFOS is the long-term monitoring of civil structures like bridges, buildings, 

tunnels and pipelines (Barrias et al., 2016). DFOS technology was used in the monitoring system of a 

reinforced concrete bridge (the Black River Bridge) outside Madoc, Ontario by Regier and Hoult (2014). 

The DFOS strain results were validated by electrical strain gauges. The strains results were then used to 

calculate the deflections that matched well with displacement sensors. The results suggest that fiber optic 

strain measurements can be used to measure beam deflection provided the boundary conditions can be 

defined correctly. 
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There have been few studies of applying DFOS on HSS beams. A previous work by Kabanda and 

MacDougall (2017) involved applying DFOS to measure the strain distribution profile on PHS and 

rectangular HSS beams under strong-axis bending. Strain measurements along the beam length were 

obtained throughout the bending tests and compared to theoretical strain predictions. No research appears 

to have been carried out to investigate the effectiveness of using DFOS strain measurements to determine 

the deflection profile of a PHS or HSS under weak-axis bending.  

1.2 Problem Statement 

There has been little investigation of the structural behaviour of polygonal hollow sections under weak-

axis bending. To study this, an experimental campaign of weak-axis bending tests of PHS and 

comparative RHS is undertaken in the first part of this thesis. 

In order to obtain further insight into the behaviour of PHS and RHS beams subjected to weak-axis 

bending, distributed fiber optic strain sensors (DFOS) will be used to collect strains along the length of 

the tested beams. These results are intended to complement the results presented in the first part of the 

thesis. 

1.3 Research Objectives 

The objectives of this thesis are to: 

1. Investigate the structural behaviours of PHS and RHS beams under weak-axis bending.  

2. Evaluate the failure mechanisms of PHS and RHS beams when subjected to weak-axis bending. 

3. Classify PHS and companion RHS beams based on the Canadian Steel design standard (S16). 

4. Investigate distributed strains in PHS and RHS beams when subjected to weak-axis bending. 

5. Discuss the effectiveness of DFOS in terms of providing strain distribution profiles and deflection 

profiles for hollow steel beams. 
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1.4 Thesis Outline 

The following is a brief overview of the different sections presented in this thesis: 

Chapter 2 includes a literature review on hollow structural sections (HSS), hot-rolled and cold-formed 

sections, HSS failure in telescopic boom crane, bending behaviour of cold-formed HSS beams, behaviour 

of PHS under axial compression and applications of fiber optical fibers for the structural monitoring of 

steel beams.  

Chapter 3 presents the experimental methods and results for four-point bending tests conducted on RHS 

beams and PHS beams. The moment-deflection responses, failure modes, moment-strain responses, 

moment-curvature responses, structural classification, normalized moment-deflection responses and 

failure mechanisms are summarized.  

Chapter 4 presents the experimental methods and results for DFOS instrumentation applied on RHS and 

PHS beams during four-point bending tests. The strain-distance results, integrated deflection results are 

summarized. Changes in strain trends in the beam flanges and webs are investigated at key points in the 

moment response. Trends in the PHS and RHS are compared. Finally, the accuracy of beam deflections 

obtained from DFOS strains is investigated through comparison to linear potentiometer measurements 

Chapter 5 summarizes the key findings from Chapter 3 and Chapter 4. Recommendations for future work 

are also presented.  
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Chapter 2 

Literature Review 

The purpose of this chapter is to provide background on hollow structural sections (HSS), hot-rolled and 

cold-formed sections, telescopic boom cranes, the response in bending of cold-formed HSS and 

applications of distributed fiber optical sensors for monitoring steel structures. Previous research from 

literature is presented here on the numerical investigation of HSS failures in telescopic boom cranes, 

stress analysis in the contact zone between the segments of telescopic booms of truck cranes, some of the 

experimental bending data for cold-formed HSS beams, the comparison of moment-rotation capacities of 

RHS and PHS, the behaviour of PHS under axial compression and the application of optical fibers on 

steel girders. 

2.1 Hollow structural sections (HSS) 

HSS members can be an economical structural choice due to their structural efficiencies (STI, 2021). 

Typically an HSS has high a radius of gyration about both strong and weak axes, which provides bending 

strength and significant weight saving due its high strength-to-weight ratio. HSS members are purported 

to be aesthetically pleasing due to their smooth profile, rounded corners and closed sections. Rectangular 

HSS have approximately two-thirds the surface area of an open section (e.g. wide-flange sections) of 

comparable capacity. This leads to less surface preparation, a need for less painting material, reduced 

labour and a need for less cementitious fireproofing compared to I-shapes.  

HSS members are commonly used as cantilever structural members to support electricity lines, highway 

overhead signs, traffic light system, advertising boards, and in a host of similar monopole applications. 

The structural design of these applications normally take into account strength, serviceability and fatigue 

limit states under all load combinations (Packer, 2021).  

2.1.1 Hot-rolled and cold-formed sections 
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Structural hollow sections are produced by various means with the principal two being hot-rolling and 

cold-forming. Hot-rolled hollow pieces are created by superheating sheets of steel up to temperatures of 

926 °C, making the steel more malleable (McHone Industries, 2021). While heated, the steel is processed 

using a series of rollers to form it into the desired shape. Then the hot-rolled steel is cooled slowly to 

ambient temperature. While cooling, the steel reconfigures to have a consistent microstructure. The 

shaping process for cold-formed sections, on the other hand, occurs at room temperature. Like the hot-

rolled steel, the cold-formed steel is also processed through rollers to create the form. However, due to the 

less malleable nature of cold-formed steel, additional pressure is required to shape the steel. After the 

steel has taken shape, the sections are then seam welded together to form a complete HSS. This welding 

process applies to both hot-rolled and cold-formed sections. 

Hot-rolling of structural steel sections is generally carried out above the re-crystallization temperature of 

the material, which results in homogenous material properties, consistent hardness, good ductility and 

relatively low residual stresses (Gardner et al., 2010). Cold-forming of steel is carried out at ambient 

temperature and the steel undergoes plastic deformation during forming. Plastic deformation causes cold-

working of the material, resulting in enhanced strength, but a corresponding loss of ductility. Non-

homogeneity of material properties and variation in hardness around the section typically arises due to the 

uneven levels of plastic deformation experienced during forming. These features can make it more 

difficult to model a cold-formed steel section since the stress-strain responses determined from a tensile 

coupon test is not entirely representative of the whole length of the HSS. The non-uniform plastic 

deformation also results in through-thickness bending residual stresses. 

Tensile coupons tests in a study by Gardner et al. (2010) were carried out to investigate the stress-strain 

properties of hot-rolled and cold-formed sections. Flat and corner coupons were extracted from the hot-

rolled and cold-formed sections. These coupon tests indicated that significant strength enhancement 

existing in the corner regions of cold-formed sections, whereas the hot-rolled sections displayed material 

homogeneity in all regions. Hot-rolled coupons displayed a sharply-defined yield point, yield plateau and 
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more obvious strain-hardening behavior, whereas the cold-formed coupons had a more rounded stress-

strain response.  During the cutting of the coupons from cold-rolled sections, they were observed to curve 

due to through-thickness bending residual stresses. Bending residual stresses in hot-rolled sections were 

found to be negligible.  

A series of compression tests were also conducted on a total of 20 stub columns (Gardner et al., 2010). 

The results of these tests were used to assess the Class 3 slenderness limits specified in Eurocode 3. The 

ultimate loads from the tests were normalized by the section yield load, A𝜎𝑦, and plotted against b/t𝜀, 

where 𝜀 = (
235

𝜎𝑦
)0.5 and b= the flat width of the most slender element in the cross-section. The resultant 

plot showed that attainment of the yield load is dependent on the method of forming, and the current 

Class 3 limit of 42𝜀 in Eurocode 3, assessed on the basis of compression tests, may be optimistic. Prior to 

the compression tests, all 20 stub columns were measured for local geometric imperfections. High 

geometric imperfections were found at the ends of the stub columns. This trend was more pronounced in 

the cold-formed sections due to the through-thickness bending residual stresses generated during the 

forming and ultimately released when sections are being cut. 

The major conclusion from this study was the observation of a pronounced over-strength in comparison to 

current design codes as a result of strain hardening, with the effects of strain hardening being more 

pronounced in cold-formed sections. 

2.2 Application of HSS in telescopic boom cranes 

2.2.1 Telescopic boom failure 

A common application of HSS are telescoping boom cranes, which are used in high-rise building 

maintenance and wind power equipment installations (Yao et al., 2015). The telescopic boom is the 

critical load-bearing component of the crane, and consists of multiple independent HSS, with each section 

being made of unequal thickness high strength steels fabricated through bending and welding processes, 

and the cross-section shape being similar to an oval (Hamme & Henkel, 2013). The details and function 
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of a typical telescopic boom were described in Chapter 1. During operation, the telescopic boom bears a 

combination of loads including gravity loads, the hoisting load, an inertial load and occasional loads such 

as wind.  

Much of the design of these types of structures is proprietary and conducted by specialist fabrication 

firms. However, some research has been documented in the literature. In work conducted by Yao et al. 

(2015), a non-linear structural analysis was conducted using finite element analysis to investigate the 

failure of an all-terrain telescoping boom crane. A simplified model of the telescopic boom and luffing jib 

was created with beam elements and analyzed using a geometric nonlinear static method. More detailed 

modeling of the fourth and fifth telescopic boom section was created with shell and solid elements. Figure 

2.1 shows some features of the boom structural model. The key result from this research was that failure 

occurred by elastic local buckling characterized as a “stress wrinkle” in the fifth section of the boom and 

highlighted the need to understand local buckling in the non-conventional section shapes that are often 

used in these applications. 

 

Figure 2.1: Boom structure model in accident (Yao et al., 2015) 
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2.2.2 Contact Zone Stress Analysis 

A study by Savković et al. (2014) focused on the analysis of local stress increases at the contact zone 

between the inner and outer segments of telescopic booms of truck cranes. During payload lifting, load is 

transferred from the inner movable segment to the outer segment through sliding pads, as is shown in 

Figure 2.2. The sliding pads are placed at the front end of the outer segment and at the rear end of the 

inner segment. The sliding pads placed at the outer segment are treated as stationary, while the sliding 

pads placed at the inner segments are treated as movable. 

A portion of boom with a relevant length was isolated and a mathematical model was created describing 

its stress–strain state as a function of geometrical parameters. Since the segment is considerably longer 

than the sliding pads, it was assumed that the load from the inner segment sliding pad was transferred to 

the outer segment as a uniformly distributed load, as is shown in Figure 2.3. As the inner segment moves, 

the position of the sliding pads on top changes in relation to the front end of the outer segment (coordinate 

x in Figure 2.3). 

 

Figure 2.2: Sliding pads locations on the outer and inner segment (Savković et al., 2014) 
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Figure 2.3: Load transfer on the outer segment via sliding pads (Savković et al., 2014) 

The isolated portion of length a was disassembled to its constituent flange and web plates. The 

disassembled flange and web plates were considered to be freely supported, and their interaction was 

considered by using the corresponding bending moments. The physical models including these 

assumptions is shown in Figures 2.4 and 2.5. Within the stress-strain analysis of the flange plates, it was 

assumed that the vertical web plates have sufficient stiffness to be treated as elastic supports at two ends 

of the flange plates. Similarly, in the stress-strain analysis of the vertical web plates, the flange plates 

were modeled as an elastic support. External load input is presented in Figure 2.5.  

 

Figure 2.4: The portion of box-like segment loaded via two sliding pads (Savković et al., 2014) 
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Figure 2.5: Model for analysis: (a) before dissembling the planes (b) after dissembling the plates 

(Savković et al., 2014) 

The experimental part of this study was carried out by instrumenting strain gauges on a hydraulic truck 

TD-6/8, as shown in Figure 2.6. The layout of gauge points and the connection scheme of measuring 

devices is shown in Figure 2.6. The measuring point 1 is above the center-point of the sliding pad surface, 

corresponding to the position when the inner segment is extended to the maximum. At this point, the 

pressure force of the sliding pad acting on the outer segment reaches a maximum value.  

 

Figure 2.6: Testing the hydraulic truck crane TD-6/8 (a) layout of measuring points (b) connection 

scheme of measuring devices (Savković et al., 2014) 
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A finite element model of the boom outer segment was created using four-node shell element with mesh 

refinement in contact zones with sliding pads, as is shown in Figure 2.7(a). The loads were transferred 

from the inner segment via the sliding pads, as is shown in Figure 2.7(b). 

 

Figure 2.7: FEM model (a) density of the finite element mesh (b) loading acting on the outer 

segment (Savković et al., 2014) 

The comparative presentation of the stresses in the top flange plate of outer segment for analytical model, 

experiment and FEM model is shown in Figure 2.8. The comparative deformations of plates in outer 

segment in the contact zone is shown in Figure 2.9 for these above methods. 

 

Figure 2.8: Stresses on top flange of outer segment in the cross section at inner segment maximum 

extension (a) stresses in x direction (b) stresses in y direction (Savković et al., 2014) 
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Figure 2.9: Deformation for each plate of outer segment in the cross section at inner segment 

maximum extension (a) top flange plate (b) web plates (c) bottom flange plate (Savković et al., 2014) 

 

2.3 Bending Response of Cold-Formed HSS 

The following section is a review of selected literature related to the bending response of cold-formed 

HSS. 

2.3.1 Semi-oval hollow sections (SOHS) 

The structural behaviour of cold-formed steel semi-oval hollow sections (SOHS), as shown in Figure 

2.10, was studied through an experimental investigation including three-point and four-point bending 

tests in a study by Chen and Young (2019). The cold-formed steel SOHS were bent about the major axis 

in both positive direction (curved flange in compression) and negative direction (flat flange in 

compression).  
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Figure 2.10: Cross-section geometry of SOHS (Chen & Young, 2019) 

The nominal dimensions (D×B×t) of the specimens tested in this study were 93×62×5.5, 107×68×6.5, 

108×79×5.5 and 125×85×6.5, where D, B and t are the overall depth, overall width and thickness of the 

sections, respectively. Ten four-point bending tests, five bending in the positive direction and five 

bending in the negative direction, were conducted to obtain the moment capacities and the moment-

curvature relationships of specimens. The schematic illustration of the test setup and a view of 

experimental arrangement of the four-point bending test are shown in Figure 2.11. The beams were 

supported by two rollers, one at each end. The loading conditions were achieved by one half-round and 

one roller located at the loading points. The semi-circular flange of specimen was seated on a profile plate 

mounted on the load transfer plate and the flat flange of specimen was seated on a load transfer plate 

directly. Three 100 mm linear variable displacement transducers (LVDTs) were placed beneath the 

specimen at the loading points and mid-span to record real-time vertical deflection. The test was 

conducted in a displacement-controlled fashion with a displacement rate of 2 mm/min. A data acquisition 

system was used to record the applied load and the LVDT reading at an interval of one second throughout 

the test. 
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Figure 2.11: Four-point bending test arrangement (Chen & Young, 2019) 

All specimens failed within the moment span. No shear failure and out-of-plane were observed in all 

beam tests. The moment-curvature responses for specimens under major axis bending in positive and 

negative directions can be seen in Figure 2.12. No evidence of local buckling was be found on any 

specimens after failure. All specimens were found to fail by yielding as suggested by moment-curvature 

curves in Figure 2.12. The oval part of the SOHS beam may have reduced the potential of`local buckling. 
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Figure 2.12: Moment-curvature responses of SOHS specimens under four-point bending (Chen & 

Young, 2019) 

2.3.2 Moment Rotational Capacity of PHS Beams 

Kabanda and MacDougall (2017) examined polygonal hollow sections (PHS) (Figure 1.4) that 

approximate a semi-oval hollow section. The moment capacities of the PHS beams were compared to 

those of RHS beams of comparative sizes through four-point and three-point bending tests. 

The four-point bending tests consisted four beams sections including PHS305×203×6.4, 

PHS356×254×6.4, RHS305×203×6.4 and RHS356×254×6.4, where PHS305 and PHS356 being the 

polygonal shaped sections corresponding to the rectangular sections RHS305 and RHS356 respectively. 

The bending moment-deflection results showed that the PHS beams tested had a bending moment 

capacity almost twice that of the RHS beam despite the fact that PHS beams have a lower cross-sectional 
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area and moment of inertia. It was observed that web-crippling/ local buckling was more pronounced in 

the RHS beams than the PHS beams and that web-crippling on the RHS beams induced the premature 

failure before yielding of the RHS beams. On the other hand, web-crippling on PHS beams was minimal 

and occurred after yielding, and therefore did not affect the moment capacities. It was speculated that the 

extra bends in the PHS beam help minimizing local buckling.  Moment-curvature plots indicated that the 

PHS305 beam could sustain a curvature at failure almost four times larger than the comparative RHS305 

beam. Its calculated rotation capacity R was 5.2 compared to less than 3 for the rectangular section. The 

PHS356 beam also has almost 4 times the curvature of the RHS356 beam at failure. Its rotation capacity 

was 4.7 compared to less than 3 for the comparative rectangular beam. 

The three-point bending tests were carried out on the same sections tested in the four-point bending tests. 

Eight beams were tested with a group of four tested with wooden blocks inserted into the specimens to 

prevent local buckling and a group of four without. The bending moment-strain plots were made for all 

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

beams. Due to the concentrated loads, all beams displayed local buckling failure at the loading point with 

the rectangular section displaying more signs of local buckling than the polygonal sections. As for the 

moment-curvature response, all the PHS beams had almost 3 times the curvature of the RHS beams of 

comparative size with and without wooden blocks. All these results indicated again that the bends in the 

flanges of PHS beams are the key to prevent local buckling. 

2.4 Behaviour of PHS Under Axial Compression 

Polygonal hollow sections have been widely used in the construction industry for pole structures such as 

lighting posts, transmission line structures and overhead signs on highway. The high width-to-thickness 

ratio makes them susceptible to local buckling. The elasto-plastic local buckling behaviour of polygonal 

thin-walled steel sections was investigated in a study by Migita and Fukumoto (1997). 

 In this paper, an analytical study of the relationship between the average buckling stresses and the 

number of sides (bent angles) and aspect ratios of the cross-section was undertaken. The structural models 



 

 

22 

for the analysis were the folded plate structures with two component plates. Regular polygonal sections 

with 4 to 24 sides were studied and the model included both geometrical and material non-linearities. A 

formula was proposed to estimate the lower local buckling strength of polygonal sections. A total of 17 

specimens were tested to failure under axial compression. 

In another study, the crushing behaviour under axial compression of PHS was numerically investigated 

using the FEM code DYNA3D (Yamashita et al., 2003). The main purpose was to investigate the effect of 

the cross-sectional shape on the crushing behaviour. The effects of wall thickness and plastic hardening 

rate of the material were also investigated. Crushing strength increased with the number of corners of the 

cross-section until the number of corners was greater than 11. The authors suggested that cross-sections 

with under 6 corners should be avoided to ensure a regulated collapse pattern. The effect of section corner 

number became more significant as the wall thickness decreased. A higher plastic hardening rate was 

found to stabilize the collapse pattern.  

2.5 Application of Distributed Fiber Optical Sensors on Steel Girders 

Yoon et al. (2011) used a distributed fiber optical sensor system to measure the strain distribution of a 

composite steel girder under vertical loads. One line of optical fiber was attached on the lower flange of 

the girder along its entire length of 39 m. The longitudinal strain over the length was measured at 195 

points with a spatial resolution of 14.5 cm. Two ESG (Electrical Strain Gauge) were attached at the 1/4 

length and 1/2 length of the girder. The optical fiber strain measurements were found to agree with the 

data of the ESG within the measurement error range.  

Another study involved a pilot application of Brillouin optical time domain reflectometry (BOTDR) to 

measure distributed strain profiles along the steel girders of a continuous slab-on-girder bridge subjected 

to diagnostic load testing (Matta et al., 2008). A 1.16 km long sensing cable was installed onto the web of 

four girders to measure strain. The distributed strain profiles were recorded and converted into deflection 

profiles and validated against discrete deflection measurement taken by a high-precision total station 

system and good agreement was found. The distributed strain profiles were found to be similar to the 
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results from finite element analysis. This study showed the practical potential of BOTDR distributed 

strain measurement for the structural health monitoring and assessment of large civil structures. 

2.6 Summary 

Hollow structural sections (HSS) are widely used as cantilever structural members due to their high 

bending strength and strength-to-weight ratio. HSS are produced by various means with the principal two 

being hot-rolling and cold-forming. Hot-rolling of HSS results in homogenous material properties, good 

ductility and relatively low residual stresses. Cold-forming results in enhanced strength, poor ductility, 

significant strength enhancement in the corner regions and high through-thickness bending residual 

stresses. A common application of HSS are telescopic boom cranes. A recent study by Yao et al. (2015) 

investigated the failure of an all-terrain telescoping boom crane with semi-oval HSS boom. The results 

indicated the failure occurred by elastic local buckling in the fifth section of the boom, which highlights 

the need to understand local buckling in the non-conventional section shapes used as telescopic booms. 

Another study by Savković et al. (2014) focused on the analysis of local stress increases at the contact 

zone between the inner and outer segments of telescopic booms of truck cranes. A portion of segment was 

isolated for analytical calculation. The analytical expression for stress and deformation distributions in 

contact zone were obtained by using the corresponding boundary conditions and the hypotheses. The 

analytical results were verified by finite element analysis and experimental testing carried out on the truck 

crane TD-6/8. The analytical results show high compliance with the experimental and FEM results. This 

indicates great importance of analytical model in optimizing the HSS shape of telescopic segments. A 

study by Chen and Young (2019) investigated the structural behaviour of cold-formed semi-oval hollow 

sections under bending. All specimens were found to fail by yielding. The oval part of the SOHS beam 

may have reduced the potential of local buckling. Kabanda and MacDougall (2017) examined polygonal 

hollow sections (PHS) that approximate a semi-oval hollow section in order to reduce the potential for 

local buckling failure. The moment capacities of the PHS beams were compared to those of RHS beams 

of comparative sizes through four-point and three-point bending tests about strong axis. All results 
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indicated again that the bends in the flanges of PHS beams are the key to prevent local buckling. Relevant 

studies investigated the behaviour of PHS under axial compression are also reviewed. No studies related 

to the structural behaviour of PHS under weak-axis bending can be found. Studies involving applying 

distributed fiber optic strain sensors (DFOS) on steel girder were reviewed. However, no studies can be 

found on applying DFOS to HSS beams to investigate their structural behaviour.   
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Chapter 3 

Evaluation of the structural performance of PHS and RHS  

3.1 Introduction 

Long beams without bracing are susceptible to lateral-torsional buckling. Rectangular hollow sections 

(RHS) have been used widely in such situations due to their high torsional rigidity and bending stiffness. 

However, local buckling of the compression flange and web of an RHS limits the efficiency of such 

sections. In recent studies, polygonal hollow sections (PHS) that have a number of discrete bends have 

been found to reduce local buckling and therefore improve rotational capacity during strong axis bending 

(Kabanda & MacDougall, 2017). However, there has been little investigation of such sections when 

subjected to weak axis bending, which can arise due to earthquakes or wind loading.  

There have been few studies of PHS in general, and very little focused on the bending of unsymmetrical 

cross-sections. A recent study by Bräutigam et al. (2017) investigated the transition between the plastic 

bending moment capacity and the limit state of buckling to identify the ultimate load of compact 

symmetrical polygonal sections. The elasto-plastic local buckling behaviour of polygonal thin-walled 

steel sections was investigated analytically and experimentally in a study by Migita and Fukumoto 

(1997).  Yamashita et al. (2003)  investigated the crushing behavior of polygonal sections under axial 

compression through finite element models.  

This chapter presents the results of an experimental investigation of RHS beams (RHS305 & RHS356) 

and PHS beams (PHS305 & PHS356) under weak-axis four point bending. These results are then 

discussed in an effort to classify RHS and PHS beams and study their failure mechanisms. 

3.1.1 Objectives 

The objectives of this chapter are to: 

1. Evaluate the moment-deflection behaviour of PHS and corresponding RHS beams under weak-

axis four-point bending tests. 
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2. Evaluate and compare the failure modes of PHS and RHS beams as well as study the progression 

of local buckling damage on a typical PHS beam under weak axis bending. 

3. Evaluate and compare the moment-strain responses of PHS and comparative RHS beams and 

assess the evidence of local buckling. 

4. Evaluate the moment-curvature responses of PHS and comparative RHS beams. 

5. Classify PHS and companion RHS beams based on the Canadian Steel design standard (CSA, 

2019) as well as evaluate the normalized moment-deflection responses of RHS and related PHS 

beams. 

6. Evaluate the failure mechanisms of PHS and RHS beams. 

3.2 Materials and Specimen Fabrication 

Two polygonal hollow section (PHS) and two rectangular hollow section (RHS) beams were fabricated 

for this study. Figure 3.1 defines the cross-sectional details of a typical PHS and RHS. The bends on PHS 

beams are introduced to reduce the slenderness of the compression flange and web when subjected to 

strong axis bending. However, the current testing will examine bending about the weak axis and therefore 

the cross-sections are drawn with the longer dimension horizontal. In this paper, the X-axis indicates the 

weak axis of bending for the cross-section and the Y-axis indicates the strong axis. The wider dimension 

b is the flange overall width for weak axis bending and the smaller dimension h is the web overall height 

for weak axis bending. Table 3.1 provides the values of the overall cross-sectional dimensions for both 

the RHS and PHS beams tested, while Table 3.2 provides detailed values of the cross-sectional 

dimensions for the PHS beam. The overall sizes of specimens were selected based on both the upper size 

limitation imposed by test practicality and the lower size limitation to guarantee the reasonable thickness 

of the section. All sections feature a wall thickness of 6.4 mm, as informed by the manufacturer. Each 

PHS beam featured the same overall width and depth as its corresponding RHS beam of comparative size 

for comparisons of the results. 
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The moment of inertia values in Table 3.1 refer to moment of inertia about the weak axis (X-axis). As can 

be seen in Table 3.1, the moment of inertia values of RHS beams are around 30% higher than those of 

PHS beams. 

 

Figure 3.1: Cross-sectional details of (a) RHS; and (b) PHS 

 

Table 3.1: Cross-sectional properties of the RHS and PHS beams 

cross-section b (mm) h (mm) t (mm) I (*106 mm4) 

RHS305 305 203 6.4 45 

RHS356 356 254 6.4 84 

PHS305 305 203 6.4 34 

PHS356 356 254 6.4 66 
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Table 3.2: Dimensions of the PHS beams 

Dimensions PHS305 (mm) PHS356 (mm) 

b 305 356 

b1 57 66 

b2 191 223 

b3 39.6 46 

b4 17.4 21 

h 203 254 

h1 49.5 62 

h2 104 130 

h3 33.5 42 

h4 42 53 

h5 52 64 

t 6.4 6.4 

 

The specimens were all cold-formed members with Grade C steel following the specifications of ASTM 

A500 (2021). The beams were fabricated by an experienced steel fabrication shop and transported to the 

lab for testing. The RHS were fabricated with a single seam weld on the top wide flange of the cross-

section while the PHS had seam welds on the side webs (see Figure 3.2). Reinforcement plates were 

welded to the ends of the beams. 
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Figure 3.2: Seam weld and welded reinforcement plate 

Table 3.3 provides a summary of tensile tests conducted by Kabanda (2020) on coupons extracted from 

beams similar to those in the present study.  

Table 3.3: Nominal and experimental tensile material properties of the PHS and RHS beams 

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

RHS305 370 401 200300 

RHS356 415 437 204900 

PHS305 357 405 200100 

PHS356 348 397 200200 

 

The material property values (0.2% off-set yield strength, fy,exp; ultimate strength, fu,exp; elastic modulus, 

Eexp) of the RHS specimens are average values derived from 5 tensile coupons per specimen while those 

of the PHS specimens are average values from 10 tensile coupons per beam.   

Prior to the tests described in this study, all four beams were used for an experimental investigation of 

PHS subjected to cantilever bending in previous research by Kabanda and MacDougall (2021). In this 

work, the beam were held by a clamping system at one end to simulate a fixed support. Loads were 

applied at the free end, and bending was about the major axis of each section. Kabanda and MacDougall 
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(2021) indicate that the beams were only loaded in the elastic region of the beams. However, following 

the tests, small regions of localized damage were discovered where the beams had been held in the 

clamping device. This includes some wall buckling and bearing failure, which can be seen in Figure 3.3. 

The damage is located in a region 70 cm to 110 cm from one end (the end that had been in the clamping 

device) of each beam. Visually, each beam remained horizontally straight overall, within typical 

fabrication tolerances. 

 

Figure 3.3: Typical damages on (a), (b) PHS beams and (c) RHS beam 

Despite this previous damage, it was deemed that these beams could be used in the present study for the 

following reasons: 

1) The beams had only been loaded in the linear-elastic region in the cantilever tests.  

2) Previous testing had subjected the beams to loading about the strong axis, whereas the present 

testing will examine bending about the weak axis. 

3) The damaged region is located approximately 1.9 metres from the mid-span of the beam, away 

from where the failure is expected to take place in the current testing regime (described in the 

following section). 

Furthermore, strains in the damaged region will be monitored during testing to assess the impact on the 

overall response. This will be described in Chapter 4.  

3.3 Test Set-Up and Procedure 

A 1200kN Riehle universal testing frame with integrated strong-back beam was used for the experiments. 

Figures 3.4 and 3.5 show the test set-up used for the four-point bending tests. All beams had an overall 

length of 4.28 metres with a uniform-moment span of 1metre for all beams. Simple support conditions 

were ensured by using 51mm diameter rollers sandwiched between 127 mm wide bearing plates on the 
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ends of each specimen and under the ends of the spreader beam. Detailed schematics of the roller and 

bearing plates are provided in Section A.1 in Appendix A.  

The displacement controlled actuator was used to apply the load onto a spreader beam. Total load was 

measured using a load-cell integrated with the test frame, and all tests were conducted in displacement-

control with the initial rate set at 2mm/min and increased during tests after reaching the pseudo-yielding 

plateau. At selected points during the test, the actuator was stopped to permit readings from fiber optic 

sensors (described in detail in Chapter 4). When the tests reached moments when it was unsafe to 

continue to displace the actuator downwards, the tests were manually terminated by moving the actuator 

to unload on the specimens.  

 

Figure 3.4: Schematic of test set-up 
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Figure 3.5: Picture of test set-up 

3.3.1 Instrumentation  

Two linear potentiometers (LP1&2) were placed at the centre on each side of the test specimen and one 

was placed at each of the two supports (LP3&4) to measure vertical deflection, as can be seen in Figure 

3.4. Strain gauges (SG) were installed on the web and flange of all beams. A typical detailed drawing for 

strain gauge placement can be seen in Figure 3.6 for RHS305. Detailed drawings for the placement of 

strain gauges for the rest of the 3 beams are provided in Section A.1 in Appendix A. Distributed fiber 

optic strain sensors (FOS) were also installed along the beam length on the web and on the top flange. 

Further details on the FOS and discussion of this data will be provided in Chapter 4. 
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Figure 3.6: Typical strain gauge placement 

SGs 1 to 9 were mounted on top of the RHS305 flange with SG5 located at the mid-span. SGs 10 to 14 

were mounted on the bottom flange, with SG12 located at mid-span. SGs 15 to 19 were placed on the web 

of RHS305 at mid-depth. 

3.4 Experimental Results 

This section presents the results from the four-point bending tests, including the moment-deflection 

results, a description of the failure modes and other experimental observations, a description of the 

detailed moment-strain results and description of the moment-curvature response calculated based on the 

measured strains. 

3.4.1 Moment-Deflection 

The beams were tested in 4-point bending and uniform moment is to be expected within the 1 meter 

middle span of each beam between two loading points (Figure 3.4) under the assumption of equal 

loadings at two loading points. This assumption remains valid until the beams reach the maximum 

moment. Local buckling was observed to initiate at one loading point earlier than the other loading point 

and the spreader beam then tended to tilt towards the side undergoing more severe buckling. At this point, 

the loading at the loading points might not be equal. However, the exact difference in loadings was not 
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measured during the test. The maximum moment was derived based on the assumption of equal loadings. 

It was then plotted against the displacement measured by LPs at the mid-span for all 4 beams, as can be 

seen in Figure 3.7. 

Small drops in load are observed at various points, such as at 140 kNm moment and 40 mm deflection for 

the RHS305 beam, on the moment-deflection plots. These correspond to points at which the test was 

paused, and readings of strain were made using the fibre optics cables. This does not appear to have 

affected the overall moment-deflection response of the beams.  

 

 

Figure 3.7: Bending moment-deflection curves for RHS305, PHS305, RHS356 and PHS356 beams 

from four-point bending tests 

The RHS305 and PHS305 exhibit linear behaviour up to a moment of about 50 kNm, while the RHS356 

is linear up to approximately 110 kNm and the PHS356 up to 60 kNm. After reaching these moments, the 
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stiffness of each RHS beam gradually reduces. The RHS305 beam attained a maximum moment of 141 

kNm while the RHS356 beam attained a maximum moment of 197 kNm at a deflection of 29mm. Thus 

the moment capacity of the RHS356 is 40% higher than that of the RHS305. A rapid loss of load capacity 

was then observed for each of these beams.  

The behaviour of the PHS beams was markedly different. These beams exhibited a long plateau before a 

moment capacity reduction was observed. The PHS305 deflected approximately 70 mm and the PHS356 

approximately 80 mm, before moment capacity began to drop. The moment capacities of the PHS305 and 

PHS356 were 107 kNm and 141 kNm respectively. Thus the moment capacity of the PHS356 is 32% 

higher than that of the PHS305. Notably, the moment capacity of the RHS is higher than that of its 

companion PHS: 32% higher for the RHS305 versus the PHS305m and 40% higher for the RHS356 

versus the PHS356. This is to be expected since PHS beams possess higher moment of inertia and 

yielding strength than their corresponding PHS beams. 

3.4.2 Failure modes 

Local buckling of the compression flange of the tested beams was observed to progress as the load 

increased throughout the bending tests and appears to be the primary failure mode. Typical examples of 

the progression of local buckling are shown in Figure 3.9 for the PHS356. These images can be correlated 

to the moment-deflection response through Figure 3.8. 

Figure 3.9(a) shows clear evidence that local buckling beneath the loading points occurred early in the 

test. This is at a 50 kN applied load, and as seen on Figure 3.8, this is still within the linear-elastic range 

of moment-deflection response for the beam. The flange underneath the loading points was seen to be 

concaved down and as a result the loading plate is no longer in firm contact with the top flange. 

Figure 3.9(b) shows the progression of damage occurring under the loading points for the PHS. This is at 

an applied load of 150 kN, which is within the non-linear range of the moment-deflection response 

(Figure 3.8), but before reaching the failure plateau. Signs of local buckling at 150 kN were more obvious 
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than at 50kN. The top flange deformed downwards even more and the bends on the top were seen to be 

crippled and folded down as load concentrating on the bends of the flange.  

Figure 3.9(c) shows that as the failure plateau is reached (an applied load of 171 kN in Figure 3.8), 

bending under the loading point has further progressed, and the bearing plates have begun to rotate due to 

the excessive curvature. Figure 3.10 clearly shows the rotation of bearing plates due to severe bending 

(local buckling) of the top flange underwent beneath the loading point. As the test continued, the damage 

under the loading point progressed in a similar way. Additional images are provided in Section A.2 in 

Appendix A. 

 

 

 

 

Figure 3.8: PHS356 moment versus deflection curve with paused loads 
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Figure 3.9: Progression of buckling on PHS356 

 

Figure 3.10: Rotation of the bearing plate 

Figures 3.11 and 3.12 show a PHS beam and RHS beam removed from the test frame after testing. Local 

buckling of the web and flange can be seen on both RHS and PHS beams. However, additionally, folding 

and flattening of the web were observed for the PHS beams. This is illustrated conceptually in Figure 

3.13. For the RHS, the compression flange and the top portion of the web underwent buckling. For the 

PHS, there was an additional bending and folding down of the diagonal corners of the top flange. 
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Figure 3.11: Local buckling on RHS beams 

 

Figure 3.12: Local buckling on PHS beams 
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Figure 3.13: Illustration of flange bending in typical RHS and PHS beams 

Figure 3.14 provides close-up images of the deformation of all four beams under the loading points after 

testing. Theses images provide further evidence of the bending and folding in of the diagonal corners of 

the PHS beams. 
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Figure 3.14:After test deformation (a) RHS305 (b) RHS356 (c) RHS305 (d) PHS356 

3.4.3 Moment-strain responses 

Moment-strain response for the four beams can be seen in Figures 3.15 to 3.18. In each figure, the 

maximum moments are plotted against strains measured by strain gauges at the mid-span of the beam at 

different depths. 
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Figure 3.15: RHS305 moment versus strain 

 

Figure 3.16: RHS356 moment versus strain 
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Figure 3.15 shows the response for the RHS305. Up to approximately 80 kNm, the strains at the top and 

bottom fibres of the beam are similar at each load level, the strain at the top fibre is compressive, the 

strain at the bottom fibre is tensile, and the strain at the mid-height of the cross-section is approximately 

zero, indicating that simple beam (Bernoulli) behaviour is being exhibited. Above a moment of 80 kNm, 

the strains at the top and bottom fibres become increasingly non-linear, however it should be noted that up 

to about 120 kNm the strains are below the yield strain of the material, which is estimated to be 1965 με. 

This suggests that the non-linear behaviour being observed is not due to yielding of the steel. Given the 

observations made during the test and described in the previous section, it would appear elastic local 

buckling of the compression flange occurs before reaching the ultimate moment of the section. Upon 

reaching the ultimate moment, the strain at the top fibre is read to be 2380 με, greater than the yield strain 

of 1965 με. This indicates that ultimate failure of the section is due to a combination of local buckling and 

yielding. 

Figure 3.16 shows the response for the RHS356, and there are a number of similarities to the RHS305 

response. Up to approximately 150 kNm, the strains at the top and bottom fibres of the beam are similar 

at each load level, the strain at the top fibre is compressive, the strain at the bottom fibre is tensile, and the 

strain at the mid-height of the cross-section is approximately zero. Above 150 kNm, there is an apparent 

reduction in the stiffness of the top (compression) flange, as the strains increase much more rapidly than 

on bottom (tensile) flange, where the response remains linear. It is notable that soon after the strains on 

the compression flange exceed the yield strain, failure of the cross-section occurs, while the strains on the 

tensile side do not reach yield. 

The strains at the mid-height of the cross-section in both Figures 3.15 and 3.16 becomes increasingly 

tensile after the cross-section begins to exhibit non-linear behaviour. This suggests the location of the 

neutral axis is moving toward the top of the cross-section. However, this would seem to be inconsistent 

with the observed reduction in stiffness of the top flange. Therefore, this measured tensile strain may be a 

side effect of localized bending at the mid-height as the top flange undergoes local buckling. 
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Figure 3.17: PHS305 moment versus strain 

Figure 3.17 shows the response for the PHS305 beam. The strains at the top fibre (SG7 and SG8) and 

bottom fibre (SG17) are linear up to approximately 80 kNm. The strains at the top fibre are compressive, 

at the bottom fibre are tensile, and are approximately equal at each load level, as would be expected for a 

beam exhibiting simple Bernoulli beam behaviour. Because of the weld at mid-height, it was not possible 

to place strain gauges at this location, however, the two gauges above mid-height (SG1 and SG13) are 

both compressive, and the two gauges below mid-height (SG2 and SG14) are both tensile at each load 

level up to 80 kNm. At moments above 80 kNm, the strains on the top and bottom flanges of the PHS305 

become non-linear. At the maximum moment of 107 kNm, there is a sudden change in the behaviour. The 

strains on the bottom flange reach a plateau, and rapidly increase beyond the yield strain. The strains on 

the top flange, on the other hand, actually undergo a reversal and rapid reduction in strain. Notably, the 
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two gauges just below the mid-height (SG2 and SG14) also undergo a rapid reversal in strain and actually 

begin to exhibit compressive strain. These results suggest local buckling occurs in the top flange, 

reducing its stiffness and leading to a shift in the location of the neutral axis downward from the mid-

height. 

 

Figure 3.18 shows the response for the PHS356 beam. The strains at the top fiber (SG4 and SG5) and 

bottom fiber (SG9) are linear up to approximately 100kNm. The strains at the top fiber are compressive, 

at the bottom fiber are tensile, and are approximately equal at each load level. Due to the weld at mid-

height, strain gauges are place above and below mid-height. Two strain gauges above mid-height (SG3 

and SG7) are both compressive and the strains at these two locations are also linear up to approximately 

100kNm and also equal at each load level. The strain gauge below mid-height (SG8) remains slightly 

tensile up to 100kNm. At the moments over 100kNm, the strains on the top and bottom flanges become 

non-linear. When reaching around 130kNm, the strains at the bottom reach a plateau, rapidly increase 

beyond the yield strain while the moment increasing slightly throughout the yielding. The strains on the 

top flange, on the other hand, undergo a rapid reversal in strain and even start to turn tensile. The gauge 

below the mid-height (SG8) reaches zero strain and plateau around 130kNm and increase rapidly in the 

tensile range with signs of steel hardening as observed in strain behaviour at the bottom. These results 

suggest local buckling in the top flange, reducing its stiffness and a shift in the location of the neutral axis 

downward from the mid-height.
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Figure 3.18: PHS356 moment versus strain
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3.4.4 Moment-curvature responses 

Figure 3.19 shows the moment-curvature curves for the four tested beam. The curvatures were calculated 

by dividing the absolute values of the bottom flange strains by the distance between the bottom flange and 

mid-depth of the beams. Note that this assumes the neutral axis remains at the centroid of the cross-section, 

which may not be correct over the full response given the evidence of local buckling. In the linear elastic 

region, the slope of each plot provides an estimate of the flexural stiffness. As expected, the RHS beams 

have a higher bending stiffness than the comparative PHS beams due to their higher moment of inertia: the 

stiffness of RHS305 was found to be 24.9% higher than that of PHS305, while the stiffness of RHS356 was 

26.0% higher than PHS356. Despite having lower moment capacities, the PHS beams achieved higher 

curvatures at points of test termination than the comparative RHS beams: the PHS305 attained a curvature 

of 29.8×10-6 1

𝑚𝑚
  while the RHS305 beam attained a curvature of 22.5×10-6 1

𝑚𝑚
; the PHS356 beam attained 

a curvature of 38×10-6 1

𝑚𝑚
 while the RHS356 beam attained a curvature of 14×10-6 1

𝑚𝑚
.  

 

Figure 3.19: RHS&PHS beams moment versus curvature 
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3.5 Discussion 

This section will first discuss the classification of RHS beams according to the Canadian Steel design 

standard and the classification of PHS beams based on a conservative approach. The normalized moment 

capacity of RHS beams will be compared against that of corresponding PHS beams. Lastly, a possible 

failure mechanism for RHS beams and a potential mechanism for web-crippling in the PHS beams will be 

discussed.  

3.5.1 Classification and Prediction 

The Canadian steel design standard (CAN/CSA-S16-19) is typical of many steel design standards in 

addressing local buckling of hollow sections in bending by providing slenderness ratio limits on the 

flange and web.  Table 2 of S16-19 provides slenderness limits for elements subject to flexural 

compression. Three classes are defined: Classes 1 and 2 which are capable of reaching the plastic moment 

and Class 3 which is capable of reaching the yield moment.  The slenderness ratio of flanges is defined as 

flange width-to-thickness ratio and the limits for flanges supported on both sides are 
420

√𝐹𝑦
, 

525

√𝐹𝑦
, 

670

√𝐹𝑦
  

respectively for Class 1, 2, and 3 sections, where Fy is the yield strength of the steel. Likewise, the 

slenderness ratio of HSS webs is defined as maximum web width-to-thickness ratio and limits are 
1100

√𝐹𝑦
, 

1700

√𝐹𝑦
, 

1900

√𝐹𝑦
 respectively for Class 1, 2, and 3 sections. 

Table 3.4 shows the calculated flange and web slenderness ratios, relevant class limits and expected yield 

moment for the four cross-sections. All relevant calculations are provided in Section A.3 in Appendix A. 

For the PHS sections, the flange width was calculated using dimension b2 as shown in Figure 3.1(b) 

(values given in Table 3.2). There is no clear guidance in S16 for calculating the web slenderness of a 

PHS member. However, a conservative approach would be to use h2, again as shown in Figure 3.1(b) for 

the web height.
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Table 3.4: Structural classification, expected and experimental moments of sections 

Section 

name 

ℎ

𝑤
 

Class 2 

limit 

Web 

Class 

𝑏

𝑡
 

Class 3 

limit 

Flange 

Class 

Overall 

Class 

Expected Moment 

Capacity (kNm) 

Experimental Maximum 

Moment (kNm) 

RHS305 22 88 1 44 35 4 4 141 141 

PHS305 30 90 2 30 35 3 3 120 107 

RHS356 36 83 1 52 33 4 4 231 198 

PHS356 35 91 2 35 36 3 3 181 139 

 

The S16 guidelines indicate both RHS beams are classified as Class 4 for bending about the weak axis and so are expected to undergo elastic local 

buckling before reaching the yield moment. Since the web of both RHS beams is classified as Class 3 while the flange is classified as Class 4, the 

effective section modulus Sye of RHS beams is determined using an effective flange width be. The expected moment Mye is then calculated by the 

formula as follows: 

𝑀𝑦𝑒 = 𝑆𝑦𝑒 × 𝐹𝑦 (3.1) 

 Based on the assumptions for the PHS, both PHS beams would be Class 3 and therefore expected to reach its theoretical yield moment. The 

section modulus S of PHS beams is determined via SolidWorks 2019. The expected moment My is calculated as follows: 

 𝑀𝑦 = 𝑆𝐹𝑦 (3.2) 
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3.5.2 Normalized moment-deflection responses 

In Figure 3.20 the moment deflection response for each beam is normalized with respect to the theoretical 

yield moment calculated for each cross-section. The RHS305 moment capacity reaches its theoretical 

yield moment, while the RHS356 moment capacity is 14% less. This is expected behaviour since these 

are Class 4 sections. What is remarkable is that the PHS capacities are lower than their comparative RHS 

sections: the PHS305 moment capacity is 10% less than its theoretical yield moment, and the PHS356 is 

23% less. This contrasts with the findings of Kabanda (2020), Kabanda and MacDougall (2017) who 

showed that for bending about the strong axis, the PHS examined in this study had moment capacities up 

to two times larger than their comparative RHS. In fact, the RHS studied were Class 3 or 4 for bending 

about the strong axis, however, the comparative PHS were able to achieve their respective plastic moment 

capacities. 

 

Figure 3.20: RHS&PHS Normalized moment versus deflection 
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The current results show that this is not the case for bending about the weak axis. A possible reason for 

this could be due to the deformation of the top flanges under the loading points as described in the Failure 

Modes section. 

3.5.3 Failure Mechanism for RHS Beam and Web-crippling Mechanism of PHS Beam 

To provide further context for above results, Clause 14.3.2 of S16-2019 was used to determine the 

resistance, Br, of the RHS beams to web crippling and yielding: 

a) for interior loads (concentrated load applied at a distance from the member end greater than the 

member depth), the smaller of 

i. 𝐵𝑟 = ∅𝑏𝑖𝑤(𝑁 + 10𝑡)𝐹𝑦 (3.3) 

ii. 𝐵𝑟 = 1.45∅𝑏𝑖𝑤2√𝐹𝑦𝐸 (3.4) 

 

b) for end reactions, the smaller of 

i. 𝐵𝑟 = ∅𝑏𝑒𝑤(𝑁 + 4𝑡)𝐹𝑦 (3.5) 

ii. 𝐵𝑟 = 0.60∅𝑏𝑒𝑤2
√𝐹𝑦𝐸 (3.6) 

where ∅𝑏𝑖 = 0.80, ∅𝑏𝑒 = 0.75 and 𝑁 = 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑏𝑒𝑎𝑟𝑖𝑛𝑔 

Table 3.5 shows the comparison between web bearing capacities and maximum loads at end supports and 

loading points at the ultimate moments for all beams. All relevant calculations are provided in Section 

A.4 in Appendix A. The results in Table 3.5 show that the maximum loads applied during testing were at 

most 16.1% of the bearing capacity, clearly indicating that web crippling did not play significant role in 

the failure of the RHS beams tested. It is not appropriate to calculate web bearing capacity for PHS using 

Equations 3.1 to 3.4 given that they are intended for calculating the web bearing capacity of wide flange 

and hollow square or rectangular sections. However, the maximum loads at the supports and loading 

points were similar to those applied to the RHS. If PHS (for loading about the weak axis) had similar web 

buckling and crippling capacities as their companion  RHS beams, bearing failure would not be expected. 

A question arises as to whether the difference in bending capacities between RHS and PHS observed in 
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these tests (Figure 3.20) may be because the PHS have undergone web bearing failure early in the test.  

Evidence in support of this hypothesis was the significant deformation of the webs of the PHS under the 

loading points that was observed. 

A reason for the web buckling and reduced crippling capacity of PHS loaded about the weak axis could 

be additional bending moments that arise in the diagonal web corners. A hypothetical mechanism for this 

is illustrated in Figure 3.21. Given the geometry of the PHS, large bending moments along with axial 

compression would be expected in the corner diagonal bends connecting the compression flange to the 

web. In contrast, it would be expected that the RHS web would be primarily subjected to compression 

under the applied load. These additional bending moments could have caused the deformation and 

crippling of the PHS webs, leading to the premature failure as compared to the comparative RHS beams. 

Clearly, more investigation of this failure mechanism is needed. However, it does indicate that care 

should be taken when subjecting PHS beams to concentrated loads applied about the weak axis. It should 

be noted that although these beams were subjected to concentrated loads for the purposes of this testing 

program, in many practical situations, the bending about the weak axis is more likely to be distributed (for 

example, if it is due to wind pressure). In such a situation, the potential for web crippling and yielding 

would be eliminated, and it is likely that the moment capacity of a PHS about its weak axis will approach 

that of a companion RHS. However, this is beyond the scope of this chapter and needs further 

investigation. 
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Table 3.5: Bearing capacities versus maximum loads for RHS and PHS beams 

Section name Interior bearing 

capacity(kN) 

Interior maximum 

load(kN) 

Bearing capacity 

at supports(kN) 

Maximum load at 

supports(kN) 

RHS305 724 93 542 93 

RHS356 812 131 608 131 

PHS305 N/A 71 N/A 71 

PHS356 N/A 92 N/A 92 

 

 

Figure 3.21: Potential mechanism for PHS web crippling 

3.6 Summary and Conclusion 

This chapter presented an evaluation of the structural behaviours of 2 PHS beams (PHS305&PHS356) 

and 2 comparative RHS beams (RHS305&RHS356) under weak-axis four-point bending. The PHS and 

RHS beams were classified according to the Canadian Steel design standard (CAN/CSA-S16-19) using 

some conservative assumptions for the PHS beams. The PHS beams, although having a similar bending 

category as the RHS, failed to achieve similar bending capacities. Failure mechanisms for RHS and PHS 
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beams were discussed and a potential mechanism for PHS web crippling was proposed. The conclusions 

of this chapter are summarized as: 

1. The moment capacity of RHS beams rapidly reduces after reaching maximum moment capacity, 

whereas the moment capacity of PHS beams experience a plateau before reduction occurs. The 

PHS beams achieved higher normalized moment capacity than the comparative RHS beams: The 

RHS305 beam reaches its theoretical yield moment while the PHS305 is 10% less than its yield 

moment; the RHS356 beam reaches 14% less than its yield moment while the PHS356 beam is 

23% less. 

2. Local buckling on the compression flange/upper part of the web in PHS was observed to be the 

primary failure mode for all beams. Vertical crushing was observed to be more extensive on PHS 

beams than on RHS beams due to the flattening and folding of diagonal corners on PHS beams. 

3. Elastic local buckling occurred on the RHS top flange before reaching the ultimate moment of the 

section, reducing the stiffness of top flange and contributing to its the ultimate failure. Local 

buckling happened on the top flange when the PHS beams reached their maximum moment, 

reducing their stiffness and leading to a shift in the location of the neutral axis downward from 

the mid-height. Design calculations indicated that web crippling was insignificant in the failure of 

the RHS beams tested. 

4. At points of test termination, the PHS305 attained a curvature of 29.8×10-6 1

𝑚𝑚
 at failure while the 

RHS305 beam attained a curvature of 22.5×10-6 1

𝑚𝑚
; the PHS356 beam attained a curvature of 

38×10-6 1

𝑚𝑚
 while the RHS356 beam attained a curvature of 14×10-6 1

𝑚𝑚
. In the linear elastic 

range, the stiffness of RHS305 was found to be 24.9% higher than that of PHS305, while the 

stiffness of RHS356 was 26.0% higher than PHS356. 
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Chapter 4 

 Complementary evaluation of the PHS and RHS by DFOS  

4.1 Introduction 

The moment-strain and moment-curvature responses of PHS and RHS beams under weak-axis four-point 

bending were evaluated in Chapter 3 with strain data recorded from strain gauges at the mid-span of the 

beams. Strain gauges are effective at providing measurements at the location of installation but are unable 

to provide distributed data at other locations. To comprehensively evaluate the structural behaviour of 

PHS and RHS beams under loading, distributed fiber optic strain sensors (DFOS) were introduced into 

this study to complement the data provided by strain gauges.  

In one of the recent studies of optical fibers being used on steel, Hoult et al. (2014) investigated the 

potential benefits and challenges of using optical fibers for damage/deterioration detection through a 

series of axial tension tests performed on steel plate specimens with simulated damage/deterioration. The 

results indicated that optical fibers can achieve similar accuracy to strain gauges and provide detailed 

information about specimen behavior. Another study by Yoon et al. (2011) involved using a distributed 

optical fiber sensor system to monitor longitudinal strain distribution of a composite steel girder bridge of 

39 m length. Four vertical actuators were positioned on the upper concrete plate, spaced at every 7.8 m. 

Fibre strain data was acquired at 195 points with an interval of 20 cm over the full range. Two electrical 

strain gauges (ESG) were placed at the ¼ point and ½ point along the length of the bridge. Vertical loads 

of 50 kN and 70 kN were applied on the bridge during two holding sequences. Figure 4.2 shows the 

longitudinal strain distribution of the composite steel girder bridge during the two holding sequences of 

vertical load. The strain measured by the optical fiber coincided well with the data of the ESG within the 

measurement error range. 
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Figure 4.1: Composite steel girder bridge (Yoon et al., 2011) 

 

Figure 4.2: Longitudinal strain distribution of the composite steel girder bridge at the lower flange 

(Yoon et al., 2011) 

A study by Matta et al. (2008) also focused on the application of fiber optic sensors to measure strain 

profiles along the steel girders of a continuous slab-on-girder bridge. The measured strain profiles were 

first rendered as deflection curves and validated against benchmark vertical displacements measured at 

discrete locations using a state-of-the-art high-precision automated total station (ATS) system. The results 
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indicated that the produced vertical deflection profiles were in good agreement with the total station 

measurements. Then, the validated strain measurements were discussed and compared to the theoretical 

strains from 3D finite-element analysis. The strain measurements matched well with 3D finite-element 

results. 

There have been few studies investigating the use of DFOS on cold-formed hollow structural sections.  

A previous study investigated the structural behaviour of  PHS and RHS beams during strong axis four-

point bending tests via application of DFOS (Kabanda, 2020). 

A common failure mode observed for these sections is local buckling, and as discussed in Chapter 3, this 

failure mode dominated for the PHS and RHS sections tested. Local buckling leads to localized bending 

of the slender elements that make up a PHS and RHS, which in turn induces additional strains. 

Understanding this strain response at different points in the overall beam response is necessary for a wider 

use of DFOS for monitoring cold-formed hollow steel section in the lab or the field. This chapter presents 

DFOS results including the distributed strain profile and integrated deflection profile of the beams from 

weak axis four-point bending tests.  

4.1.1 Objectives 

The objectives of this chapter are to: 

1. Use distributed fiber optic strain sensors to investigate the strains in the web and flanges of PHS 

and RHS beams subjected to weak-axis bending. 

2. Calculate the deflections at the mid-span of PHS and RHS beams using distributed fiber optic 

strain measurements. 

3. Evaluate the effectiveness of distributed fiber optic strain sensors in terms of providing strain 

distribution profiles and deflection profiles for hollow steel beam sections with different profiles. 
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4.2 Materials and Specimen Fabrication 

The specimens used in this chapter are the same as those described in Chapter 3. All information 

regarding the materials and fabrication of specimens can be referenced in Chapter 3. 

4.3 Test set-up and Procedure 

The details of test set-up and procedures are described in Chapter 3. This section will primarily cover the 

details of the optical fiber instrumentation.  

4.3.1 Sensing fibers 

Figure 4.3 shows the three distinct components of a fiber optic sensing cable: core, cladding, and coating. 

Light is transmitted through the core, and the cladding serves as a waveguide. Coatings are applied to 

protect the core and cladding against external elements and to make the assembly more durable by 

resisting some of the applied force. Among the potential coatings available, nylon and polyimide are most 

commonly used for structural monitoring applications. Nylon coating features better durability than 

polyimide and better ability to absorb impact and therefore was used for the DFOS in this study.  

 

Figure 4.3: Elements of a fiber optic sensing cable(Hoult et al., 2014) 
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4.3.2 Installation 

The surface of each specimen was prepared before the installation of the optical fibers. A hand grinder 

equipped with a metal polishing plate was used to remove surface corrosion. Then the surface was further 

prepared using sandpaper of 120 grit to achieve optimal surface roughness for glue bonding. Finally, the 

surface was cleaned with an off-the-shelf degreaser and isopropyl alcohol to remove any contaminants. 

Optical fibers were then placed using a cyanoacrylate adhesive Loctite 4851 along the beam length on the 

web and on the top flange except the path blocked by loading plates. The optical fibers were redirected 

around the loading plates, as can be seen in Figure 4.4, to avoid damage during testing. The location of 

the optical fibers for beam RHS305 is shown in Figure 4.5. The location of the optical fibers for PHS305 

is shown in Figure 4.6. The placement of the optical fibers for the other two beams is similar, and detailed 

drawing are provided in Section B.2 in Appendix B. 

 

Figure 4.4: Optical fiber going around the loading plate 
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Figure 4.5: Optical fiber placement for RHS305 

 

Figure 4.6: Optical fiber placement for PHS305 

Flange fibers 1 and 2 were installed on the top flange of the RHS305 to record distributed strain on the 

web along the beam length except where the loading plates are in the way. Dashed curve lines in Figure 

4.5 represent the locations where optical fibers were unbonded, so that they could be guided around the 

loading plates. Upper web and lower web optical fibers were installed on the web of each beam. To avoid 

damage to the DFOS during beam installation in the test frame and during testing, the optical fibers were 

not installed to the end of the beams. 

A single flange fiber was installed on the top flange of the PHS305. Note that the upper web and lower 

web optical fibers on PHS305 covers shorter length than RHS305.  

4.3.3 Data acquisition and processing 

All the optical fibers were connected to a LUNA OBR 4600 (i.e. optical backscatter reflectometer) (Luna, 

2021), which was used to record the optical signal data along the beam length at selected paused loads 

(Kreger et al.). The gauge length and sensor spacing was set at 1 cm which results in a strain accuracy of 

5με within the fiber’s core, suitable for the high bending stresses expected during the tests. 



 

 

 

61 

4.4 Experimental Results 

This section presents the optical fiber strain distribution results from the four-point bending tests, 

including the strain response of the web along the beam length, and the strain response in the top 

(compression) flange. Strain measurements are used to calculate the beam deflections along beam length. 

First, this section begins by describing the reference loads (points at which the test was paused to permit 

strain readings) for the subsequent results. 

4.4.1  Reference Loads 

Figure 4.7 indicate the points at which testing was paused to facilitate readings using the fiber optic 

sensors. After the peak or yield plateau was reached, the cross-head stroke of the loading frame was used 

as the reference for the recording.  Note that the test frame cross-head was stationary (stroke held at a 

constant value) as readings were taken, and small drops in load were observed. Selected results will be 

discussed in the following sections. Complete results are provided in Section B.2 in Appendix B. 

 

Figure 4.7: Load reference for optical fiber results: (a) RHS305; (b) PHS305; (c) RHS356; (d) 

PHS356 
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4.4.2 Web Strain Response 

Detailed results for RHS305 and PHS305 are presented in Figures 4.8 and 4.9. Similar results for the 

RHS356 and PHS356 beams can be referenced in Appendix B.2 in Appendix B for reference. Four points 

in each test were selected to illustrate the typical response across the full beam test. For RHS305, readings 

at 25kN, 150kN, 175kN and 183kN were selected. As shown in Figure 4.7(a), at 25kN the beam response 

is in the linear elastic range. At 150kN the beam response is non-linear but has not yet reached the 

ultimate moment. At 175kN and 183kN the beam is in the fully nonlinear range and at 183kN has almost 

reached the ultimate moment. As for PHS305, the load values of 25kN, 140kN and the stroke values of 

45mm and 55mm were selected for discussion. As shown in Figure 4.7(b), the response of the PHS305 at 

25kN is in the linear elastic range. The response at 140kN is in the nonlinear range and at the beginning 

of a pseudo-yield plateau. The stroke levels of 45mm and 55mm are within the pseudo-yield plateau.  

Figure 4.8 shows the strain-distance graphs from the four-point bending test for RHS305. Theoretical 

strain lines are provided based on elastic beam theory. The strain scale of the vertical axis is -150με to 

+150με in Figure 4.8(a) while the strain scales are -2000με to +2000με for Figures 4.8 (b), (c) and (d). 

In Figure 4.8(a) the theoretical and measured strains between about – 2000 mm to -1000 mm agree within 

about 25%. There is a similar trend between +1000 mm and +2000 mm except between 1000 mm and 

1305 mm. These are the locations of the damage to the beams caused by the previous cantilever tests and 

described in detail in Chapter 3. Spikes in measured strains can be seen at the locations of this damage 

with the impact on the compression side bigger than on the tension side. However, the rest of the 

measured strain profile remained similar to the theoretical strain profile. At the locations -2000mm, -

500mm, +500mm and +2000mm, distinct spikes were observed. The locations -2000mm and +2000mm 

are the beam supports, and -500mm and +500mm are the locations of loading plates on the top of the 

beam. The regions under the loading plates will experience stress concentration, so these spikes in strain 

were expected. It should be further noted that the region between the loading points is intended to be a 

region of uniform moment, as described in Chapter 3. The results indicate that even in the elastic region 
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of loading, there is some deviation in the webs within the uniform moment region of this beam from the 

theoretical constant strains. 

In Figures 4.8 (b), (c) and (d) it can be seen that as the overall beam response becomes non-linear and 

approaches the ultimate moment, the deviation between the measured and theoretical elastic strains grows 

increasingly larger in the region of -750mm to +750mm. However, in the regions of -2000mm to -750mm 

and +750mm to +2000mm, there continues to be good agreement between the measured and theoretical 

response, indicating that the beam is consistently exhibiting elastic behaviour in these regions, even as the 

beam approaches failure.  

 

Figure 4.8: Strain-response at selected load values for the RHS305 beam at: (a)25kN; (b)150kN; 

(c)175kN; (d)183kN 
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DFOS strain results along with theoretical elastic strain predictions for the PHS305 are shown in Figure 

4.9. Note that the vertical axis scale is -200με to +200με in Figure 4.9(a) while it is -3500με to +1500με 

for Figures 4.9 (b), (c) and (d).The optical fibers were not extended beyond -1750mm and +1750mm 

along the length of the beam. Therefore, the stress concentration caused by the support rollers at the end 

of the beam has not been captured.  

Figure 4.9(a) shows that unlike the RHS305, the theoretical and measured strains between about – 1800 

mm to -1000 mm for the PHS differ as much as 53.3% within the linear elastic region of the beam. There 

is a similar trend between +1000 mm and +1800 mm except between 1200 mm and 1400 mm. This is the 

region of damage caused by previous cantilever tests. At locations of -500mm and +500mm, significant 

spikes in the strains were observed especially in the compression side. Overall, the measured strains on 

the tension side are below the theoretical except at the loading plates, whereas the measured strains on the 

compression side are greater than the theoretical.  

Figures 4.9 (b), (c) and (d) show the strain distribution along beam length at the load level of 140kN, and 

the stroke levels of 45mm and 55mm. As can be seen that the beam reaches maximum moment and enters 

the yield plateau, the deviation between the measured and theoretical strains becomes increasingly 

extreme in the region of -750mm to +750mm on the compression side, while the deviation on the tension 

side stays relatively constant with increased loading.  
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Figure 4.9: strain-distance graph for PHS305 at: (a) 25kN; (b) 140kN; (c) 45mm; (d) 55mm 

4.4.3 Compression Flange Strain Response 

Figure 4.10 shows a typical plot of optical fiber strain results for the compression flange of the RHS305 

beam, however this is typical of all the results. Of particular note is that strain readings around the loading 

plates are zero as optical fibers in these locations were not bonded to the beam surface. 

 

Figure 4.10: Typical optical fiber strain results over cable length 
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Given this, only the compression flange strain data between the two loading plates will be presented. The 

strain results of RHS305 and PHS305 beams are presented in Figures 4.11 and 4.12. Data from the other 

tests is presented in Section B.3 of Appendix B. Strain readings along this portion of the flange at the 

various reference load and stroke levels are presented to illustrate the progression of strain response in the 

compression flange of the beams.  

Figure 4.11 shows the response for RHS305. At each loading level up to 150 KN, the strains over the 

length is constant within 15%, as would be expected in a uniform moment region. Note that this 

observation is somewhat inconsistent with the observed strains in this region in the web (e.g Figure 

4.7(a)) which showed some differences with the theoretical constant strain prediction. At the load level of 

150 kN and beyond, the strain distribution is no longer constant. For example, at 175 kN, the strain at 

mid-span reaches -2000 με while the strains near the loading plates becomes -724με. Starting from this 

point, the strain at mid-span becomes increasingly compressive and the strains near the loading plates 

becomes less compressive and increasingly tensile. As the beam reaches the ultimate moment at the load 

level of 183kN, the strains at mid-span reaches around -2200με while the strains at the location of -

300mm turns tensile and the strains at the +300mm location becomes barely compressive. At a stroke 

level of 50.8mm, the strains at mid-span reaches a maximum of -2400με and start becoming less 

compressive while the strain at -300mm reaches +2250με and turning drastically more tensile. At the 

same time, the strains at +300mm remains around +80με. This is indicative of local buckling occurring at 

the ultimate moment around the left loading plate, reducing the stiffness at mid-span and thereby causing 

a strain relief. Local buckling progresses at the left loading plate and strains are observed to increase. 
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Figure 4.11: Top Flange Strain-Distance Graph For RHS305 During Four-point Bending Test 

Figure 4.12 shows the compression flange strain response for the PHS305 beam. The strains at mid-span 

and near the loading plates remains constant within 5% up to 140kN. Upon reaching ultimate moment, the 

strains at mid-span reach a maximum of -1550με while the strains near the loading plates becomes -

1300με at the load level of 140kN. Starting from this point, the strain at mid-span actually decreases 

(becomes less compressive) and the strains near the loading plates becomes increasingly tensile. This 

indicates that a stress concentration near the loading plates and stress relief in the compression flange 

between the loading plates is occurring.  
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Figure 4.12: Top Flange Strain-distance Graph For PHS305 During Four-point Bending Test 

 

 

 

 

4.4.4 Beam Deflection Calculations 

Beam deflections were measured at the mid-span using LPs, and these were reported in Chapter 3. 

However, numerical integration of the distributed strain results provides an alternative method for 

calculating beam deflections. The detailed steps of calculating the mid-span deflection of the RHS305 at 

the load level of 25kN are presented below. The strains for the upper and lower web fibers for this case 

are shown in Figure 4.13. The vertical red dashed lines indicate the supports and the black dashed line 

indicates the mid-span of the beam.  
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Figure 4.13: RHS305 Upper and lower web fibers strain versus length 

Strains at points every 10mm along the length of the beam were used to calculate curvatures. Note this is 

identical to the sensor spacing for the DFOS. As shown in Figure 4.14, curvature, ϕ, can be calculated by 

dividing the sum of the compressive strain (upper web fibre) εc and the tensile strain (lower web fibre) εT  

by the distance between the fibers, d: 

∅ =
|𝜀𝑇|

𝑑𝑇
=

|𝜀𝑐|

𝑑𝑐
=

|𝜀𝑇| + |𝜀𝑐|

𝑑
 (4.1) 
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Figure 4.14: Curvature Calculation 

The curvatures calculated from the strain values in Figure 4.13 are shown in Figure 4.15.  

 

Figure 4.15: RHS305 curvature versus length 
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The slope ϴ(x) with respect to location x on a beam can be obtained by integrating curvature φ(x): 

𝜃(𝑥) = ∫ ∅(𝑥)𝑑𝑥 (4.2) 

This can be done numerically by dividing the beam into increments of length ∆x. At location x=0, the 

integrated slope ϴ(x=0) is calculated as: 

𝜃(𝑥 = 0) =
∅(0) + ∅(∆𝑥)

2
∆𝑥 (4.3) 

At location x=nΔx (where n=1,2,3,…), the integrated slope ϴ(x=nΔx) is: 

𝜃(𝑥 = 𝑛∆𝑥) =
∅(𝑛∆𝑥) + ∅((𝑛 + 1)∆𝑥)

2
∆𝑥 + 𝜃((𝑛 − 1)∆𝑥) (4.4) 

An integration constant C must be added to the integrated slope at all locations and must satisfy boundary 

conditions. The process is automated using an Excel spreadsheet. 

This procedure creates a series of slope values ϴ(x) with respect to beam location x.  

Through a similar procedure, the beam deflection Δ(x) is obtained by integrating slope ϴ (x): 

∆(𝑥) = ∫ 𝜃(𝑥)𝑑𝑥 (4.5) 

Numerically, the integration at x=0 is: 

∆(𝑥 = 0) =
𝜃(0) + 𝜃(∆𝑥)

2
∆𝑥 (4.6) 

At location x=nΔx (where n=1,2,3,…), the deflection is: 

∆(𝑥 = 𝑛∆𝑥) =
𝜃(𝑛∆𝑥) + 𝜃((𝑛 + 1)∆𝑥)

2
∆𝑥 + ∆((𝑛 − 1)∆𝑥) (4.7) 

A second integration constant D is set to be the negative of Δ(x) at the location of the left support to 

satisfy the boundary condition that the deflection equals zero at this location. Finally, a goal seek 

procedure in Excel is performed to find the correct value for the slope integration constant C to ensure the 

deflection at the right support equal to 0. 

The integrated deflection results are plotted against all beam coordinates in Figure 4.16 for this particular 

case. 
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Figure 4.16: Calculated deflections for the RHS305 beam 

This procedure was used to calculate the mid-span deflection for each beam, except RHS356, for 

comparison with linear potentiometer (LP) deflection measurements. Since a part of the upper web fiber 

on the RHS356 was broken during installation of the beam in the test frame, only the lower web fiber data 

was used in its deflection calculations. The curvature data was obtained by dividing the strain values from 

the lower web fiber by the distance between the lower web fiber and the mid-depth of the beam. The rest 

of procedure remained the same. 

Tables 4.1 to 4.4 compare the calculated deflection using strain integration to the LP deflection readings. 

The percentage difference between the LP results and integration results at each load or stroke level is 

presented. The maximum moment at each level is also included for reference. For the RHS305, the 

integration results consistently remain between 15% and 18.6% below the LP readings until the beam 

reaches the ultimate moment. As the beam experiences further deflection on the pseudo-yield plateau, the 

difference grows increasingly larger. At the stroke level of 73.7mm, the difference is as high as 67.2%. 

The difference between the integration results and LP readings for the RHS356 is within 10% in the 

linear-elastic range. As the beam transitions from linear behaviour to nonlinear behaviour, the difference 



 

 

 

73 

grows and reaches 60% at the ultimate moment. Then the difference grows more drastically as the beam 

deflection increases on the pseudo-yield plateau.  

For the PHS305, the integration results were consistently 24.5% and 27.0% below the LP readings up to a 

stroke level of 70mm within the yield plateau. The difference then increased with larger deflections. 

Similar trends were observed for the PHS356 as well: the integration results were 21.0 to 27.8% below 

the measured deflections up to a stroke level of 90mm, when the difference increased with the deflection.  

Table 4.1: RHS305 Deflection Results 

Load level Moment (kNm) LP results(mm) 
Integration 
results(mm) 

Difference % 

25kN 18.8 3.6 3.0 18.6 

50kN 37.8 7.3 6.1 18.1 

100kN 74.8 15.6 13.3 16.1 

150kN 113.6 26.9 22.8 16.4 

175kN 133.3 34.9 29.7 16.1 

183kN 138.9 39.4 33.9 15.0 

50.8mm 136.0 48.3 40.5 17.5 

62.55mm 114.4 58.7 40.1 37.7 

73.7mm 101.2 68.8 34.2 67.2 

 

Table 4.2: RHS356 Deflection Results 

Load 
level 

Moment 
(kNm) 

LP results(mm) 
Integration 
results(mm) 

Difference % 

25kN 18.8 2.0 2.0 0.4 

50kN 37.5 3.8 3.6 5.9 

100kN 74.6 8.0 6.8 16.7 

150kN 112.5 12.4 10.0 21.1 

200kN 150.4 17.1 13.3 24.9 

250kN 188.3 24.0 16.0 40.0 

260kN 195.4 26.6 16.2 48.6 

264kN 197.8 28.6 15.5 59.5 

40mmS 193.2 31.4 13.4 80.3 

45mms 176.9 35.2 9.1 117.9 

50mms 159.5 39.3 4.2 161.4 

55mms 148.8 44.0 0.5 195.5 

60mms 136.2 47.9 1.7 186.3 

65mms 127.3 52.3 2.1 184.6 

70mms 121.8 57.0 0.3 197.9 
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Table 4.3: PHS305 Deflection Results 

Load level 
Moment 

(kNm) 
LP 

results(mm) 
Integration 
results(mm) 

Difference % 

25kN 18.8 4.3 3.3 27.2 

50kN 37.8 8.8 6.8 26.1 

100kN 75.2 19.2 14.7 26.7 

140kN 105.8 32.9 25.6 25.0 

45mm 105.1 38.7 30.2 24.6 

55mm 105.8 46.8 36.6 24.5 

70mm 105.3 59.2 45.1 27.0 

90mm 103 76.1 53.7 34.5 

105mm 102.9 89.5 57.0 44.3 

115mm 100.3 98.6 46.4 72.0 

 

Table 4.4: PHS356 Deflection Results 

Load level 
Moment 

(kNm) 
LP 

results(mm) 
Integration 
results(mm) 

Difference % 

50kN 37.9 4.9 3.9 22.9 

100kN 75.7 10.3 8.2 23.0 

150kN 113.5 16.9 13.4 23.1 

171kN 129.6 24.6 19.2 24.5 

40mm 127.1 29.0 23.4 21.3 

50mm 127.0 35.9 29.1 21.0 

60mm 129.0 43.1 34.8 21.3 

75mm 131.4 54.4 42.6 24.4 

90mm 133.3 66.3 50.1 27.8 

110mm 136.4 83.4 57.9 36.1 

116mm 134.8 88.8 61.2 36.8 

123mm 132.1 94.5 56.6 50.1 

 

 



 

 

 

75 

4.5 Discussion 

This section will first discuss in more detail the observed DFOS strain measurement trends for the web 

and compression flange. Then the predicted deflection at mid-span, using elastic beam deflection theory, 

will be compared to the integrated deflections and LP readings. Some reasons behind the deviation of the 

integrated deflection results and the LP readings at mid-span will be discussed. 

4.5.1 Measured and theoretical strains on web 

There was generally good agreement between strains measured in the webs of the RHS and elastic beam 

theory when the beam response was in the linear elastic region. Differences were observed at the supports 

and locations of the loading plates, where the DFOS were able to detect and actually quantify the stress 

concentrations at these locations. This would be much more difficult with conventional electrical strain 

gauges. The DFOS was also able to detect the strain concentrations caused by the localized damage due to 

the previous testing of the beams and showed that their effects were small on the overall beam response. 

There were some interesting differences observed with the PHS beams. Overall, the DFOS strains were 

biased toward compression as compared to the theoretical elastic beam predictions. This bias was not 

observed for the RHS, suggesting that there is an additional effect occurring in the PHS beams. The 

specific source of this effect is not clear, but some reasons can be hypothesized. As discussed in Section 

3.5.3 of Chapter 3, it has been hypothesized that large bending moments and axial compression may be 

developing in the corner bends of PHS under weak axis bending. The DFOS were installed close to these 

bends (approximately 11 mm between the optical fibers and the edges of diagonal corner bends on the 

web) and may be detecting some localized bending moment strains occurring in this region. It is 

interesting that these strains are occurring very early in the bending response, and not just as the section 

approaches its ultimate moment.  
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4.5.2 Strains on compression flange 

The DFOS strain readings in the compression flange of the RHS were able to provide evidence of the 

initiation of local buckling. At low loads, the strain in the flange was relatively constant, as would be 

expected for a uniform moment region. Gradually, the strain profile began to exhibit a “wavey” profile. 

This can be explained as due to localized bending effects as the compression flange begins to buckle and 

therefore the flange experiences additional tension and compression strains.  

Again, for the PHS, there were some differences in the trends observed in the compression flange DFOS 

strains as compared to the RHS. Again, at low loads the strain profile is relatively constant along the 

uniform moment region of the flange. As failure occurs in the flange, the strain profile does not take on 

the characteristic waves seen in the RHS. As discussed in Chapter 3, it has been hypothesized that the 

PHS beams may have undergone web crippling, along with a “flattening” of the PHS cross-section at the 

location of the loading plates. The lack of waves observed in the compression flange would be consistent 

with a failure mode of this type. 

 

4.5.3 Comparison to Elastic Beam Deflection Solution 

To provide context for the differences in LP deflection measurements and the deflections calculated using 

integrated strains, a comparison will be made to the elastic beam solution. The maximum deflection for a 

simple beam under two equal symmetrically placed concentrated loads assuming elastic conditions is: 

∆𝑚𝑎𝑥 =
𝑃𝑎

24𝐸𝐼
(3𝑙2 − 4𝑎2) (4.8)

where P = Concentrated load, a = Distance between support and concentrated load, l = total beam length, 

E = elasticity of the beam, I = Moment of inertia of the beam  

The strain results indicate generally linear elastic conditions for the beam tests up to applied loads of 50 

kN (for example, see Figures 4.8 (a) and (b)). Maximum deflections calculated via Equation 4.8 for the 

RHS305, RHS356, and PHS305 at 25 kN and 50 kN, and for the PHS356 at 50 kN are provided in Table 
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4.5 (“Predicted deflection” column). As is seen in Table 4.5, the difference percentage between the 

predicted deflection and LP readings for all beams in the elastic range is under 10%. 

Table 4.5: Predicted deflection and LP readings at mid-span of all 4 beams under elastic loads 

Beam /load LP readings Predicted deflection Difference% 

RHS305 

@25kN 3.6 3.4 6.6 

RHS305 

@50kN 7.3 6.8 7.8 

RHS356 

@25kN 2.0 1.8 10.0 

RHS356 

@50kN 3.8 3.6 6.8 

PHS305 

@25kN 4.3 4.4 1.6 

PHS305 

@50kN 8.9 8.8 0.6 

PHS356 

@50kN 4.9 4.5 9.4 

 

4.5.4 Comparison of Integrated Strain and Measured Deflection 

A comparison between the integration deflection results and LP readings of all four beams were made in 

Section 4.4.4. Overall, the deflections calculated using integrated strains are consistently lower than the 

LP readings. Even in the linear elastic region of the beam response, the integrated strain deflections are 

for the RHS are between 0.4 to 18.6% lower, and for the PHS 23 to 27% lower, than the measured LP 

values. This is significantly larger than the 0.6 to 10.0% difference between the theoretical elastic beam 

solution and measured LP values.  

A possible reason for this can be related to some practical restrictions on the installation of the DFOS. In 

order to prevent damage to the DFOS during beam installation in the test frame and during testing, the 

optical fibers could not be installed to the end of the beams. Further details are provided in Section 4.3.2. 

Therefore, the boundary conditions of zero deflections at supports were applied at locations that actually 

would experience some downward deflection. This would reduce the calculated deflections, and would 

account for at least some of the difference with the LP readings. The difference of deviation between RHS 
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and PHS beams can be attributed to the difference in the extent of optical fiber coverage on them. The 

shorter extent of fiber coverage on the PHS beams (about 82 – 87% of the beam length for the PHS versus 

90% for the RHS) would increase this error compared to the RHS beams.  

The percentage difference between the integrated strain deflection results and LP readings generally 

remains within 20% to 30% until the beam reaches its ultimate moment. The difference increases as the 

beam deflects further. This more significant deviation after the ultimate moment could be attributed to 

local buckling. A possible reason is that the local buckling causes out-of-plane bending strains, which 

interferes with the measurement of in-plane bending strains that are the basis for the integration deflection 

procedure. 

It is interesting that although web strains for the PHS differed from theoretical elastic strains, they were 

able to predict deflections with an accuracy similar to the RHS. This is because the deflections were based 

on curvatures derived from the measured web strains. These strains seemed to have exhibited a 

compressive bias. However, for the calculation of curvature, it is only the absolute difference in strain that 

matters, rather than the specific values. Thus the use of DFOS sensors to calculate beam deflections can 

be somewhat self-correcting for secondary strain effects along the length of the beam. 

4.6 Summary and Conclusions 

This chapter presented the evaluations of the strain distributions and integrated deflection results of two 

PHS beams (PHS305&PHS356) and 2 comparative RHS beams (RHS305&RHS356) under weak-axis 

four-point bending. Based on these evaluations, the conclusions of this chapter are summarized as: 

1. DFOS can be used to identify locations of and quantify stress concentration (for example at 

supports and loading points) in thin-walled PHS and RHS that would otherwise not be detected 

using conventional electrical strain gauges.  

2. DFOS can be used to monitor the progress of local buckling and other failure modes in the 

compression flange for thin-walled RHS and PHS. 
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3. The integration of strains from DFOS can be used to calculate beam deflections within the linear 

elastic response range of a thin-walled beam. The accuracy of these calculated results depends in 

part on the coverage of beam along its length. The calculated deflections were observed to be 15-

20% lower than the LP readings for RHS beams with the optical fibers covering 90% of the beam 

length, whereas the calculated deflections were seen to be 20-30% lower for PHS beams with a 

fiber coverage of 82-87% of the beam length. The deviation between integration results and LP 

readings become more significant after the beam reaches its ultimate moment as local buckling 

takes place that induced secondary strains. 
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Chapter 5 

Conclusion and Recommendations 

5.1 Conclusions 

Weak axis four-point bending tests were conducted on 2 PHS beams (PHS305&PHS356) and 2 

comparative RHS beams (RHS305&RHS356) to evaluate their structural behaviour. The PHS and RHS 

beams were classified according to the Canadian Steel design standard with conservative assumptions for 

PHS beams. Failure mechanisms for PHS and RHS beams were discussed and a potential mechanism for 

PHS web crippling was proposed.  

Distributed fiber optical sensors (DFOS) were applied on the PHS and RHS beams to evaluate the strain 

distributions. The measured strains were used to obtain deflection profiles.  

5.1.1 Performance of PHS Beams Under Weak-Axis Bending 

The following conclusions can be made about the structural performance of PHS beams: 

1. The moment capacity of RHS beams rapidly reduces after reaching maximum moment capacity, 

whereas the moment capacity of PHS beams experience a plateau before reduction occurs. The 

moment capacity of the RHS is higher than that of its companion PHS: 32% higher for the 

RHS305 versus the PHS305 and 40% higher for the RHS356 versus the PHS356. 

2. The RHS305 moment capacity reaches its theoretical yield moment, while the RHS356 moment 

capacity is 14% less. The PHS305 moment capacity is 10% less than its theoretical yield moment, 

and the PHS356 is 23% less. 

3. Local buckling on the compression flange/upper part of the web in the PHS was observed to be 

the primary failure mode for all beams. Vertical crushing was observed to be more extensive on 

PHS beams than on RHS beams due to the flattening and folding of diagonal corners on the PHS 

beams. Large bending moments along with axial compression were thought to occur in the corner 
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bends connecting the compression flange to the web deformation and crippling of the PHS webs, 

leading to the premature failure as compared to the comparative RHS beams. 

4. Elastic local buckling occurred on the RHS top flange before reaching the ultimate moment of the 

section, reducing the stiffness of the top flange and contributing to its the ultimate failure. Local 

buckling happened on the top flange when the PHS beams reached their maximum moment, 

reducing their stiffness and leading to a shift in the location of the neutral axis downward from 

the mid-height. Design calculations indicate that web crippling is insignificant in the failure of the 

RHS beams tested. 

5. At points of test termination, the PHS305 attained a curvature of 29.8×10-6 1

𝑚𝑚
  while the RHS305 

beam attained a curvature of 22.5×10-6 1

𝑚𝑚
; the PHS356 beam attained a curvature of 38×10-6 1

𝑚𝑚
 

while the RHS356 beam attained a curvature of 14×10-6 1

𝑚𝑚
. In the linear elastic range, the 

stiffness of RHS305 was found to be 24.9% higher than that of PHS305, while the stiffness of 

RHS356 was 26.0% higher than PHS356. 

5.1.2     Strain Distribution and Deflection Profiles by DFOS 

The following conclusions can be made about the strain distribution and deflection profiles of RHS and 

PHS beams by DFOS: 

1. DFOS can be used to identify locations of and quantify stress concentration (for example at 

supports and loading points) in thin-walled PHS and RHS that would otherwise not be detected 

using conventional electrical strain gauges.  

2. DFOS can be used to monitor the progress of local buckling and other failure modes in the 

compression flange for thin-walled RHS and PHS. 

3. The integration of strains from DFOS can be used to calculate beam deflections within the linear 

elastic response range of a thin-walled beam. The accuracy of these calculated results depends in 
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part on the coverage of beam along its length. The calculated deflections were observed to be 15-

20% lower than the LP readings for RHS beams with the optical fibers covering 90% of the beam 

length, whereas the calculated deflections were seen to be 20-30% lower for PHS beams with a 

fiber coverage of 82-87% of the beam length. The deviation between integration results and LP 

readings become more significant after the beam reaches its ultimate moment as local buckling 

takes place that induced secondary strains. 

5.2  Recommendations for Future Research 

Based on these bending tests about the weak-axis for PHS and comparative RHS beams, a few additional 

recommendations are made for future research. 

5.2.1 Four-point bending tests 

The following are recommendations for future research related to four-point bending tests: 

1. Place load cells at the two loading points under the spreader beam to measure the difference in 

loading during tests. 

2. Use profile plates fitting the top flange of PHS beams instead of loading plates to distribute the 

loading applied on top of the PHS beams as better simulation of wind pressure. 

3. Conduct further investigation to obtain the stress distribution in flange width direction to better 

understand the cross-sectional structural behaviour of PHS. 

4. Conduct parametric studies through doing finite element analysis (FEM) of bending tests on PHS 

and verify FEM results against experimental data. 

5. Develop an analytical expression to study force/stress distribution of elements in PHS as well as 

their deformation under weak-axis bending and verify analytical results against results from 

parametric studies and experimental studies. Apply verified analytical expressions to optimize the 

shape of PHS. 
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5.2.2 Application of Distributed Fiber Optical Sensor (DFOS) 

The following are recommendations for future research related to application of DFOS: 

1. Install the optical fibers to the end of the beams to pinpoint the location of supports for applying 

the zero deflection boundary condition. 

2. Add more optical fibers onto the web of the PHS beams to evaluate the strains at different 

locations of PHS. 

3. Examine strain distribution from all the fibers and select the ones least impacted by local bending 

strains for calculating beam deflections. 
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Appendix A 

Additional photos, plots and calculation procedures from Four-point bending 

tests (Chapter 3) 

 

A.1 Four-point Bending Test Set-up 

A.1.1 Detailed Schematics of Roller and Bearing Plates 

 

Figure A.1: Detailed schematics of steel roller and bearing plate 

A.1.2Detailed Drawings for Strain Gauge Placement 

 

Figure A.2: Detailed drawing of strain gauge placement on RHS356 

 



 

 

 

85 

 

Figure A.3: Detailed drawing of strain gauge placement on PHS305 

 

 

Figure A.4: Detailed drawing of strain gauge placement on PHS356 

 

A.2 Failure Mode Pictures 
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Figure A.5: RHS305 after test failure mode pictures 
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Figure A.6: RHS356 after test failure mode pictures 
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Figure A.7: PHS305 after test failure mode pictures 
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Figure A.8: PHS356 after test failure mode pictures 
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A.3 Yield moment calculation 

A.3.1 RHS305 calculation 

𝐹𝑙𝑎𝑛𝑔𝑒: 
𝑏𝑒𝑙

𝑡
=

𝑏 − 4𝑡

𝑡
=

305 − 4 × 6.4

6.4
= 43.66       (𝐶𝑙𝑎𝑢𝑠𝑒 11.3) 

420

√𝐹𝑦

=
420

√370
= 21.83,

525

√𝐹𝑦

= 27.29,
670

√𝐹𝑦

= 34.83 < 43.66 

Flange rated as Class 4 

𝑊𝑒𝑏: 
ℎ

𝑤
=

ℎ𝑜 − 4𝑡

𝑤
=

203 − 4 × 6.4

6.4
= 21.72 

1100

√𝐹𝑦

= 57.19 > 21.72 

Web rated as Class 1 

𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑓𝑙𝑎𝑛𝑔𝑒 𝑤𝑖𝑑𝑡ℎ: 𝑏𝑒 =
670𝑡

√𝐹𝑦

=
670 × 6.4

√370
= 223𝑚𝑚        (𝐶𝑙𝑎𝑢𝑠𝑒 13.5) 

𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑚𝑜𝑚𝑒𝑛𝑡 𝑜𝑓 𝑖𝑛𝑒𝑟𝑡𝑖𝑎: 𝐼𝑦𝑒 = 𝐼𝑦 −
(𝑏 − 𝑏𝑒)𝑡3

12
− (𝑏 − 𝑏𝑒)𝑡 (

ℎ

2
−

𝑡

2
)

2

= 43.8 × 106 −
(305 − 223)6.43

12
− (305 − 223)6.4 (

203

2
−

6.4

2
)

2

= 38727124.01𝑚𝑚4 

𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑚𝑜𝑑𝑢𝑙𝑢𝑠: 𝑆𝑦𝑒 =
𝐼𝑦𝑒

𝐶
=

3.873 × 107

203/2
= 381576.35𝑚𝑚3 

𝑌𝑖𝑒𝑙𝑑𝑖𝑛𝑔 𝑀𝑜𝑚𝑒𝑛𝑡: 𝑀𝑦𝑒 = 𝑆𝑦𝑒 × 𝐹𝑦 = 381576.35 × 370 = 141𝑘𝑁𝑚 

A.3.2 PHS305 calculation 

 

Figure A.9: PHS beam partition for calculation 
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𝐹𝑙𝑎𝑛𝑔𝑒: 
𝑏𝑒𝑙

𝑡
=

𝑏2

𝑡
=

191

6.4
= 29.84       (𝐶𝑙𝑎𝑢𝑠𝑒 11.3) 

420

√𝐹𝑦

=
420

√357
= 22.23,

525

√𝐹𝑦

= 27.79 < 29.84 <  
670

√𝐹𝑦

= 35.46 

Flange rated as Class 3 

𝑊𝑒𝑏: 
ℎ

𝑤
=

ℎ2

𝑤
=

104

6.4
= 16.25 

1100

√𝐹𝑦

= 57.19 > 16.25 

Web rated as Class 1 

𝑆𝑒𝑐𝑡𝑖𝑜𝑛 𝑚𝑜𝑑𝑢𝑙𝑢𝑠: 𝑆 =
𝐼

𝑦
=

34 × 106

203/2
= 334975.3695𝑚𝑚3 

𝑦𝑖𝑒𝑙𝑑𝑖𝑛𝑔 𝑚𝑜𝑚𝑒𝑛𝑡: 𝑀𝑦 = 𝑆𝐹𝑦 = 334975.3695 × 357 = 120𝑘𝑁𝑚 

A.3.3 RHS356 calculation 

𝐹𝑙𝑎𝑛𝑔𝑒: 
𝑏𝑒𝑙

𝑡
=

𝑏 − 4𝑡

𝑡
=

356 − 4 × 6.4

6.4
= 51.625       (𝐶𝑙𝑎𝑢𝑠𝑒 11.3) 

420

√𝐹𝑦

=
420

√415
= 20.62,

525

√𝐹𝑦

= 25.77,
670

√𝐹𝑦

= 32.89 < 51.625 

Flange rated as Class 4 

𝑊𝑒𝑏: 
ℎ

𝑤
=

ℎ𝑜 − 4𝑡

𝑤
=

254 − 4 × 6.4

6.4
= 35.6875 

1100

√𝐹𝑦

= 54 > 35.6875 

Web rated as Class 1 

𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑓𝑙𝑎𝑛𝑔𝑒 𝑤𝑖𝑑𝑡ℎ: 𝑏𝑒 =
670𝑡

√𝐹𝑦

=
670 × 6.4

√415
= 210.49𝑚𝑚        (𝐶𝑙𝑎𝑢𝑠𝑒 13.5) 

𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑚𝑜𝑚𝑒𝑛𝑡 𝑜𝑓 𝑖𝑛𝑒𝑟𝑡𝑖𝑎: 𝐼𝑦𝑒 = 𝐼𝑦 −
(𝑏 − 𝑏𝑒)𝑡3

12
− (𝑏 − 𝑏𝑒)𝑡 (

ℎ

2
−

𝑡

2
)

2

= 84.82 × 106 −
(356 − 210.49)6.43

12
− (356 − 210.49)6.4 (

254

2
−

6.4

2
)

2

= 70543859.47𝑚𝑚4 

𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑚𝑜𝑑𝑢𝑙𝑢𝑠: 𝑆𝑦𝑒 =
𝐼𝑦𝑒

𝐶
=

70543859.47

254/2
= 555463.4604𝑚𝑚3 

𝑌𝑖𝑒𝑙𝑑𝑖𝑛𝑔 𝑀𝑜𝑚𝑒𝑛𝑡: 𝑀𝑦𝑒 = 𝑆𝑦𝑒 × 𝐹𝑦 = 555463.4604 × 415 = 231𝑘𝑁𝑚 

A.3.4 PHS356 calculation 
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𝐹𝑙𝑎𝑛𝑔𝑒: 
𝑏𝑒𝑙

𝑡
=

𝑏2

𝑡
=

223

6.4
= 34.84       (𝐶𝑙𝑎𝑢𝑠𝑒 11.3) 

420

√𝐹𝑦

=
420

√348
= 22.51,

525

√𝐹𝑦

= 28.14 < 34.84 <  
670

√𝐹𝑦

= 35.92 

Flange rated as Class 3 

𝑊𝑒𝑏: 
ℎ

𝑤
=

ℎ2

𝑤
=

130

6.4
= 20.3125 

1100

√𝐹𝑦

= 58.97 > 20.3125 

Web rated as Class 1 

𝑆𝑒𝑐𝑡𝑖𝑜𝑛 𝑚𝑜𝑑𝑢𝑙𝑢𝑠: 𝑆 =
𝐼

𝑦
=

66 × 106

254/2
= 519685.0394 

𝑦𝑖𝑒𝑙𝑑𝑖𝑛𝑔 𝑚𝑜𝑚𝑒𝑛𝑡: 𝑀𝑦 = 𝑆𝐹𝑦 = 519685.0394 × 348 = 181𝑘𝑁𝑚 

A.4 Bearing capacity calculations 

A.4.1 RHS305 calculations 

a) Interior loads: 

𝐵𝑟 = ∅𝑏𝑖𝑤(𝑁 + 10𝑡)𝐹𝑦 = 0.8 × 12.8 × (127 + 10.× 6.4) × 370 = 724𝑘𝑁

→ 𝑠𝑚𝑎𝑙𝑙𝑒𝑟 𝑣𝑎𝑙𝑢𝑒 𝑑𝑜𝑚𝑖𝑛𝑎𝑡𝑒𝑠 

𝐵𝑟 = 1.45∅𝑏𝑖𝑤2√𝐹𝑦𝐸 = 1.45 × 0.8 × 12.82 × √370 × 200333 = 1636𝑘𝑁 

b) Loads at end reactions: 

𝐵𝑟 = ∅𝑏𝑒𝑤(𝑁 + 4𝑡)𝐹𝑦 = 0.75 × 12.8 × (127 + 4 × 6.4) × 370 = 542𝑘𝑁

→ 𝑠𝑚𝑎𝑙𝑙𝑒𝑟 𝑣𝑎𝑙𝑢𝑒 𝑑𝑜𝑚𝑖𝑛𝑎𝑡𝑒𝑠 

𝐵𝑟 = 0.60∅𝑏𝑒𝑤2√𝐹𝑦𝐸 = 0.60 × 0.75 × 12.82 × √370 × 200333 = 635𝑘𝑁 

A.4.2 RHS356 calculations 

a) Interior loads: 

𝐵𝑟 = ∅𝑏𝑖𝑤(𝑁 + 10𝑡)𝐹𝑦 = 0.8 × 12.8 × (127 + 10 × 6.4) × 415 = 812𝑘𝑁

→ 𝑠𝑚𝑎𝑙𝑙𝑒𝑟 𝑣𝑎𝑙𝑢𝑒 𝑑𝑜𝑚𝑖𝑛𝑎𝑡𝑒𝑠 
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𝐵𝑟 = 1.45∅𝑏𝑖𝑤2√𝐹𝑦𝐸 = 1.45 × 0.8 × 12.82 × √415 × 204859 = 1752𝑘𝑁 

b) Loads at end reactions: 

𝐵𝑟 = ∅𝑏𝑒𝑤(𝑁 + 4𝑡)𝐹𝑦 = 0.75 × 12.8 × (127 + 4 × 6.4) × 415 = 608𝑘𝑁

→ 𝑠𝑚𝑎𝑙𝑙𝑒𝑟 𝑣𝑎𝑙𝑢𝑒 𝑑𝑜𝑚𝑖𝑛𝑎𝑡𝑒𝑠 

𝐵𝑟 = 0.60∅𝑏𝑒𝑤2√𝐹𝑦𝐸 = 0.60 × 0.75 × 12.82 × √415 × 204859 = 679.8𝑘𝑁 
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Appendix B 

Additional photos, drawings and plots from Four-point bending tests 

(Chapter 4) 

B.1 Detailed drawings for optical fiber placement 

 

Figure B.1: Detailed drawing for optical fiber placement on RHS356 

  

 

 

Figure B.2: Detailed drawing for optical fiber placement on PHS356 

  

 

B.2 Strain responses along beam length for all beams 

B.2.1 Strain-distance graph for RHS305 
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Figure B.3: Strain-distance graph for RHS305 at (a)50kN (b)50.8mm (c)62.55mm (d)73.7mm 

  

 

B.2.2 Strain-distance graph for RHS356 
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Figure B.4: Strain-distance graph for RHS356 at (a)25kN (b)50kN (c)100kN (d)150kN (e)200kN 

(f)250kN (g)260kN (h)264kN 
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Figure B.5: Strain-distance graph for RHS356 at (i)40mm (j)45mm (k)50mm (l)55mm (m)60mm 

(n)65mm (o)70mm 
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B.2.3 Strain-distance graph for PHS305 

 

Figure B.6: Strain-distance graph for PHS305 (a)50kN (b)100kN (c)70mm (d)90mm (e)105mm 

(f)115mm (g)130mm 
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B.2.4 Strain-distance graph for PHS356 

 

Figure B.7: Strain-distance graph for PHS356 (a)50kN (b)100kN (c)150kN (d)171kN (e)40mm 

(f)50mm (g)60mm (h)75mm 
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Figure B.8: Strain-distance graph for PHS356 (i)90mm (j)110mm (k)116mm (l)123mm 
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B.3 Strain Response in Top (Compression) Flange 

B.3.1 Strain-distance graph for RHS356 

 

Figure B.9: Top flange strain-distance graph for RHS356 during four-point bending test 
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B.3.2 Strain-distance graph for PHS356 

 

Figure B.10: Top flange strain-distance graph for PHS356 during four-point bending test 

 

 

 

 


