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Abstract 

This thesis examines the axial compression load-carrying capacity of ultra-high performance fiber 

reinforced concrete (UHPC)-filled steel tubes (UHPC-FSTs) and double skin systems, including 

short and slender columns.  The first part of the study investigates experimentally and numerically 

the axial loading behavior of 135 MPa UHPC-filled double skin steel tubular columns 

(UHPCFDSTs).  A total of 37 short stub columns were tested, including totally filled control tubes 

and tubes filled with normal- and high-strength (NSC and HSC) concrete.  The study examined 

the effects of outer tube diameter-to-thickness (𝐷 /𝑡 ) ratio and inner-to-outer tube diameter ratio 

on the axial capacity of UHPCFDSTs. A nonlinear finite element model using the computer 

program LS-DYNA was also developed and verified.  The experimental results were compared 

against the Canadian CSA (CAN/CSA) S16:19 code provisions which were found to overestimate 

the axial capacity by 12-56%. A modification factor was developed and is recommended to be 

introduced in the code equation. 

The second part of the study investigates slenderness effects in UHPC-FST columns.  A 

robust three-dimensional nonlinear finite element model was developed using LS-DYNA to 

simulate the slender columns under concentric axial compressive loads and was validated using a 

large experimental database. An extensive parametric study was then performed, varying 

slenderness ratio (𝑘𝐿/𝑟) based on column length (𝐿) where 𝑟 is the radius of gyration, diameter-

to-thickness ratio (𝐷/𝑡) of the steel tube, effective length factor (𝑘), and steel yield strength (𝑓 ). 

The CAN/CSA S16:19 code provisions grossly underestimated the load-carrying capacity of 

slender UHPC-FSTs by up to 48% at 𝑘 =  2.0.  A modification to CAN/CSA S16:19 equation was 

proposed based on multiple regression analysis of the results of the parametric study. 
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Chapter 1 

Introduction 

 
1.1 General 

Concrete-filled steel tubes (CFTs) are a class of composite structures benefiting from the 

advantageous properties of both the concrete and steel components. Some of the earliest studies 

were carried out by Furlong and Knowles et al. (1967; 1969) and brought attention to this 

composite system.  They have since been extensively studied and their properties documented. 

CFTs utilize the compressive strength and stiffness of the concrete infill and enhance its brittle 

nature through the steel tube component which adds tremendous ductility (Roeder et al., 1999). 

On the other hand, the presence of the concrete infill further increases the stiffness of the outer 

tube and prevents the steel tube from inward local buckling. Additionally, the compressive strength 

of the concrete infill is significantly enhanced through a phenomenon termed as the confinement 

effect. This is caused by the triaxial state of stress to which the infill is subjected as it expands 

when loaded axially (Hu et al., 2003). The presence of the steel tube prevents large lateral 

expansion of the concrete, ultimately allowing it to sustain higher loads (Sakino et al., 2004). 

Moreover, the resulting composite strength allows for smaller cross-sections capable of supporting 

higher loads. In addition to the mechanical benefits resulting from composite action, the steel tubes 

eliminate the need for formwork which promotes time and cost savings in construction. CFTs have 

also demonstrated high fire resistance through the combination of the concrete and steel 

components (Moradi et al., 2021).  

Different types of concrete infill of varying strength and properties have been used in CFTs 

(Ellobody et al., 2006; Han et al., 2005). The outer tube geometries have also been varied, with 

predominant focus on circular and square steel tube shells (Sakino et al., 2004). In a study by 
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Schneider et al., circular CFTs were demonstrated to offer higher post-yield axial ductility than 

square or rectangular CFTs, and the walls of square CFTs displayed local buckling (Schneider, 

1998), due to which the rectangular CFTs did not benefit from confinement as much as their 

circular counterpart. CFTs have further branched off to concrete-filled double skin steel tubes 

(CFDSTs) and concrete-encased concrete filled tubes (Han et al., 2014). Particularly, CFDSTs 

have been identified to be promising due to their high strength-to-weight ratios, high bending 

stiffness, fire resistance, energy absorption, ductility and local and global stabilities (Zhao & Han, 

2006). Evidently, there exists numerous applications for CFTs, which have been used as columns 

in high-rise buildings, in earthquake-resistant structures, as piles and bridge piers, and in other 

applications (Shanmugam & Lakshmi, 2001).  

Ultra-high performance concrete (UHPC) is a relatively new class of concrete composed 

of randomly oriented fibrous reinforcement embedded in a cementitious matrix designed to 

optimize strength and durability (Graybeal, 2011). The constituent fibers that are typically used in 

UHPC are steel or plastic based. Plenty of research has been performed on fiber shape and size 

(Larsen & Thorstensen, 2020), orientation (Huang et al., 2021), volume fraction (Z. Wu et al., 

2019), and material type (Zheng & Feldman, 1995). On the other hand, the composition of the 

cementitious matrix varies and most commonly consists of Portland cement, high performance 

superplasticizers, silica fumes, and fine quartz powder or fine sand (Shi et al., 2015; Wang et al., 

2012).  Additional chemical admixtures can be used, and the concentrations of the various 

constituent components differ depending on the supplier and mix design (Russell et al., 2013). 

Notably, UHPC does not utilize coarse aggregates.  

UHPC exhibits characteristic properties that are far superior to normal concrete. This 

includes significantly higher compressive strength of no less than 120 MPa but possibly upwards 
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of 200 MPa, tensile strength up to 15 MPa, low permeability, as well as enhanced durability and 

ductility (Jawdhari & Fam, 2020; Kadhim et al., 2021). The mechanical characteristics and 

physical properties of UHPC have been extensively studied and documented in recent years 

(Graybeal, 2006). Furthermore, unlike regular concrete, UHPC is highly ductile and demonstrates 

large energy absorption due to the crack-bridging effect of the embedded fibers.  

Society’s demand for stronger and more durable structures has led scientists and 

researchers to investigate the application of UHPC in various structures and structural components 

where normal concrete had been previously used. Of recent interest is the use of UHPC as infill in 

steel tubes, resulting in composite structures known as ultra-high performance fiber reinforced 

concrete-filled steel tubes (UHPC-FSTs). The use of UHPC as infill can produce stronger cross-

sections in comparison to identical columns that utilize normal strength concrete (NSC). It has 

been demonstrated that the UHPC infill does not benefit from confinement to the same degree as 

NSC due to the crack-bridging effect of the fibers (Yan & Feng, 2008), which hold the concrete 

together and prevent it from significant dilation prior to failure. However, the strength of UHPC 

exceeds that of normal concrete subjected to confining effects. UHPC is additionally more fluid 

than regular concrete (Chen et al., 2018) and thus does not require vibrations or compaction, and, 

can fill smaller voids more readily. 

Research on UHPC-FSTs has been gaining popularity among the scientific community. 

One of the first experiments on UHPC composite columns was conducted by Tue et al. (Tue et al., 

2004) although the concrete did not utilize any fibers. Yan and Feng (Yan & Feng, 2008) tested 

short UHPC-filled steel columns and concluded that these composites do not benefit from the 

effect of confinement. Guler et al. (Guler et al., 2013) investigated circular UHPC-filled steel stub 

columns in axial compression, varying the steel tube thicknesses. The research found that columns 
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composed of thicker steel tubes displayed higher ductility with minimal effect on column strength, 

noting that very little confinement occurs up to the column peak loads. Furthermore, the 

researchers reported discrepancies amongst code predictions (AIJ, ACI, and AS) and 

experimentally observed peak strengths whereby the design codes either overpredicted the column 

strengths as they accounted for the confinement effect, or, underpredicted the strengths due to 

strength reduction factors. Comprehensive research on UHPC-FSTs continued, investigating 

numerous mechanical properties (Cai et al., 2021; Hoang & Fehling, 2017; Jian-gang et al., 2021; 

Zhang & Wu, 2015), various loading scenarios (Zhang et al., 2020), and examining their behavior 

both analytically (Le et al., 2018) and numerically (Le Hoang et al., 2016).  However, these studies 

were predominantly conducted on short or stocky columns and thus excluded the effects of 

slenderness, neglecting the structural behaviour of long columns.  

Numerically, the finite element (FE) method has been used to analyze concrete filled steel 

tubes in the past. FE is a popular tool and can be utilized either exclusively or in combination with 

experimental research. It offers flexible and robust means of analysis and can provide in-depth 

insight and solutions to complex phenomena. For example, FE analysis (FEA) was used to analyze 

the effect of confinement in eccentrically loaded circular CFSTs (Ouyang et al., 2017). In another 

study, the same authors then used FEA to study confinement in square concrete filled steel tubes 

(Ouyang & Kwan, 2018). FEA has been further used successfully to study CFSTs under a variety 

of loading conditions and geometric properties (Qu et al., 2011; Tao et al., 2013; Zhang et al., 

2015; Zhang et al., 2019). Evidently, FEA have produced valuable scientific input that has 

deepened our understanding of concrete-filled steel tube columns.  
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1.2 Thesis Statement 

The theme of the research presented herein revolves around ultra-high performance fiber 

reinforced concrete filled steel tubes. The study involves two main components: (a) experimental 

and numerical investigations of double-skin steel tubes with UHPC sandwiched in between, tested 

as short columns, and (b) a numerical investigation of axial strength of UHPC-FSTs of various 

slenderness ratios.  

 
1.3 Research Objectives 

The work performed in the two components of the study aims at advancing the current knowledge 

base on UHPC-FSTs by identifying and filling some of the gaps that presently exist in the 

literature. Furthermore, both works examine how the current Canadian design code equations fare 

in predicting the ultimate capacities of the test specimens. This is presented in Chapter 2 and 

Chapter 3 of the thesis, with the following objectives: 

 
1.3.1 Chapter 2  

Chapter 2 experimentally investigates the behaviour of axially loaded UHPC-filled double skin 

steel tube stub columns. The objectives of the research are: 

1. Determine the impact on the axial load-carrying capacity of the specimens when the 

following parameters are varied: (i) outer diameter-to-thickness ratio (𝐷 /𝑡 ) of the steel 

tubes, and (ii) thickness of the UHPC core by variation of the inner tube diameter; 

2. Qualify the failure modes and patterns exhibited by UHPC-FDSTs; 

3. Qualify the structural performance exhibited by the test specimens; 

4. Assess the influence of confinement in UHPC-FDSTs; 

5. Assess the differences between the experimentally measured and code-predicted load-
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carrying capacities; 

6. If needed, propose modifications to code equations via empirically derived modification 

factors; 

7. Utilize finite element analysis to assist in explaining, understanding, and demonstrating 

test observations. 

 
1.3.2 Chapter 3 

Chapter 3 numerically investigates the behaviour of axially loaded slender UHPC-filled steel 

tubes. The research is done using the finite element analysis program LS-DYNA. The objectives 

of the research are: 

1. Calibrate the Continuous Surface Cap Model (CSCM) for UHPC using a combination of 

existing works and a trial-and-error approach; 

2. Validate, comprehensively, the CSCM model against past experimental test data; 

3. Develop a non-linear finite element model for slender UHPC-FSTs 

4. Extensive parametric analysis on slender UHPC-FSTs varying (i) slenderness ratio (𝑘𝐿/𝑟) 

for both 𝑓  = 40 MPa and 150 MPa, (ii) outer tube diameter-to-thickness ratio (𝐷/𝑡), (iii) 

effective length factor (𝑘), and (iv) tube yield strength (𝐹 ); 

5. Qualify the effects of the varied parameters on slender UHPC-FSTs; 

6. Assess the influence of confinement in slender UHPC-FSTs; 

7. Assess the differences between the numerically and code-predicted load-carrying 

capacities; 

8. If needed, propose modifications to code equations via empirically derived modification 

factors stemming from the results of the numerical study. 
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1.4 Thesis Outline 

This thesis contains four chapters. Chapter 1 introduces the background from which the research 

contained within this thesis was formulated and introduces the two manuscripts and their 

respective objectives. Chapter 2 contains the first manuscript in which the experimental 

investigation of axially loaded UHPC-FDSTs is discussed in detail. The second manuscript, 

describing the numerical study undertaken on slender UHPC-FSTs, is presented in Chapter 3. 

Chapter 4 presents the conclusions that were drawn from the investigations that were completed 

in the two previous chapters and provides recommendations and direction for future research on 

the topics.    
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Chapter 2 

Behavior of Axially Loaded UHPC-Filled Double Skin Steel Tubular Columns1  

 
2.1 Introduction 

Concrete-filled steel tubular (CFST) columns are composite members consisting of an outer steel 

tube encasing a concrete infill which reap the benefits of both materials through composite action. 

It is well established that the outer tube produces a triaxial state of stress on the inner concrete core 

through the confinement effect, significantly improving the strength and ductility of the core 

(Shams & Saadeghvaziri, 1997). Furthermore, the presence of the infill prevents the outer tube 

from buckling inwards, enabling the use of higher diameter-to-thickness ratio tube sections 

(Ekmekyapar & Hasan, 2019), although the effect of confinement is reduced by the use of thinner 

steel sections. Additionally, the presence of the external steel tube eliminates the need for 

formwork, resulting in cost and time savings during construction. Extensive research on CFSTs 

has been carried out, studying their behaviour under concentric and eccentric loading (Knowles & 

Park, 1969), in flexure (Wang et al., 2014) and for seismic application (Hajjar, 2000). CFSTs have 

been widely used in mid- to high-rise construction, subway stations, bridges, and off-shore marine 

structures (Hajjar, 2000; Han et al., 2014).  

In recent years, research on CFSTs has focussed on the use of higher strength materials such as 

high strength concrete (Ellobody et al., 2006), high tensile steel (Xiong et al., 2017), ultra- high 

performance concrete (UHPC) (Chen et al., 2018), fiber reinforced polymer (FRP) tubes (Fam & 

Rizkalla, 2001) and more. The study of CFSTs has been further extended by examining different 

possible configurations of the constituent materials, and more specifically, the introduction of an  

___________________________________________ 
1 This chapter has been submitted for publication as the following journal paper: 
   Haidar, A. & Fam, A. (2023). “Behavior of Axially Loaded UHPC-Filled Double Skin Steel Tubular Columns”, 

Engineering Structures, Under review.  



9 

inner tube, giving rise to what is known as the concrete-filled double skin steel tube column 

(CFDST). This system consists of two concentric steel tubes between which the concrete core is 

sandwiched. It has been reported that CFDSTs possess equal or greater benefit than their 

completely filled counterparts (Ekmekyapar & Hasan, 2019). The addition of the inner steel tube 

results in a higher section modulus, improving the global stability of the column (Elchalakani et 

al., 2002). Furthermore, CFDSTs possess higher bending stiffness, increased local stability, 

superior performance when subjected to dynamic (Yagishita et al., 2000) and seismic loading 

(Uenaka et al., 2010), and a higher strength-to-weight ratio (Pagoulatou et al., 2014). Additionally, 

the inner void may serve as ventilation in the event of a fire (Romero et al., 2015). CFDSTs have 

been used in high-rise bridge piers in Japan (Yagishita et al., 2000), electric transmission towers 

(Li et al., 2012), in deep water application and offshore construction (Lin & Tsai, 2003). 

The societal demands for resilient structures have resulted in the need for stronger and 

more durable materials. UHPC has evolved as a promising material offering compressive strengths 

in the range of 120 to 200 MPa and tensile strengths up to 15 MPa, a sustained strength post-

failure, as well as significant enhancements to both durability and ductility (Jawdhari & Fam, 

2020; Kadhim et al., 2022; Kadhim et al., 2021). Furthermore, the higher density and pore structure 

of UHPC result in lower permeability in comparison to normal- and high-strength concrete (NSC 

and HSC), respectively.  As UHPC is significantly more ductile than NSC, it does not benefit from 

the effect of steel confinement to the same extent. However, the use of UHPC infill has several 

benefits. Firstly, the higher strength enables the use of smaller cross-sections resulting in economic 

and space savings (Yan et al., 2021). Secondly, the ductility and energy absorption are superior in 

seismic and earthquake loading (Cai et al., 2021; Xu et al., 2017). Thirdly, the columns can sustain 

a high percentage of their peak loads post failure.  
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Given the relatively high cost of UHPC, the double-skin system would seem ideal, leading 

to what is hereby defined as ultra-high performance concrete filled double skin steel tubular 

(UHPC-FDST) columns. To the authors’ knowledge, this is the first study on such system, aside 

from one other study (Yang et al., 2022), in which stiffeners were used to connect the two tubes in 

some of the specimens. The current paper investigates experimentally and numerically, using finite 

element, the axial compressive behaviour of short UHPC-FDST stubs subjected to concentric 

loading. The objectives of this study are: 

1. Investigate the influence of outer tube diameter-to-thickness ratio on axial behavior; 

2. Investigate the influence of concrete wall thicknesses on axial behavior; 

3. Compare the axial behaviour of UHPC-FDSTs against identical columns filled with high 

strength and normal strength concrete (i.e. HSC-FSTs, CFSTs); 

4. Assess the steel tube confinement of the UHPC core; 

5. Examine the current code provisions for calculating axial strength of UHPC-FDSTs; 

6. Develop and validate a finite element model for UHPC-FDSTs and use it to develop further 

insights into behavior. 

 
2.2 Experimental Program 

The following sections provide details of the experimental program including material properties, 

test specimens and parameters, fabrication, instrumentation, and testing. 

 
2.2.1 Material Properties  

Ultra-High Performance Concrete: The UHPC mix used in the study consisted of a commercially 

available proprietary cementitious product developed by King Construction Products. Three 

different admixtures were used, labelled as Admixture A, B and C. Galvanized steel fibers in 
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fractions of 2.5% by volume were used according to the supplied mix proportions. The design 

compressive strength (𝑓 ) was 135 MPa. 

An Imer Mortarman 360 mortar mixer was used to mix the UHPC which required three 

casts due to the volume restrictions of the machine. The mix proportions were adjusted to improve 

the fluidity of the mix with the goal of producing self-consolidating UHPC as the first two casts 

required slight external vibrations due to poor flow, while the third cast produced acceptable flow. 

The strengths of the UHPC were determined in accordance with CSA A23.2-9C (CSA, 2019a) and 

Clause U.4.1.2.1 (CSA, 2019b) of CSA A23.2:19 Annex U. Cylinders, 75 mm in diameter and 

150 mm in length were produced from each cast to determine 𝑓  at 28 days. The cylinders were 

tested using a Forney compression machine with a loading rate of 1.0 MPa/s. The measured 

average compressive strengths of the three batches were 129, 136 and 140 MPa, respectively, and 

the failed cylinders are shown in Fig. 2-1.  

High-Strength and Normal-Strength Concrete: The mix design used for the high-strength 

concrete (HSC) with a design 𝑓  of 70 MPa consisted of high-early strength Type 30 HE Portland 

cement (505 kg/m3), Silica Fumes (63 kg/m3), sand (701 kg/m3), stone aggregate (1136 kg/m3), 

tap water (145 kg/m3), and commercially available superplasticizer Master Glenium 7500 (24 

kg/m3). Mixing was performed using the Imer Mortarman 360 mortar mixer. The measured 

average 𝑓  at 28 days was 71 MPa. For the normal strength concrete (NSC), a mix with a design 

𝑓  of 35 MPa was supplied by an external contractor.  The measured average 𝑓  at 28 days was 41 

MPa. 

Steel Tubes: The steel tubes comprised six different cross-sections, three external (152.4 x 4.77 

mm, 152.4 x 3.18 mm and 152.4 x 2.11 mm) and three internal (101.6 x 3.18 mm, 76.2 x 2.11 mm 

and 50.8 x 1.65 mm).  All the outer steel tubes and the 101.6 x 3.2 mm inner tube were of ASTM 
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A500 grade C classification. The remaining two inner tubes were of grade ASTM A513 1b. The 

tensile strengths of the steel tubes are presented in in Table 2-1. Two coupons were fabricated from 

each of the 152.4 x 2.1, 152.4 x 4.77 and 76.2 x 2.1 and tested in accordance with ASTM E8 

(ASTM, 2010) using an Instron 8802 machine. The results of the tensile tests are plotted in Fig. 2-

2.  

 
2.2.2 Test Specimens and Parameters 

Table 2-2 presents the test matrix. A total of 37 composite stub columns, 450 mm long, were 

fabricated and tested. They were comprised of 18 UHPC-FDSTs (double skinned with UHPC), 

five UHPCFSTs (totally filled with UHPC), seven HSC-FSTs (totally filled with HSC) and seven 

CFSTs (totally filled with NSC). Identical repetitions of most test specimens were prepared to 

confirm observations. In line with many published works (Chen et al., 2020), a length-to-diameter 

ratio (L/D) of 3 was maintained to ensure stub column behaviour and prevent the effects of 

slenderness, i.e., the formation of secondary moments due to buckling of the tubes. As defined by 

Ziemian, a stub column is designed such that it shall preclude member buckling when compressed 

(Ziemian, 2010). The outer tube diameter (Do) was fixed at 152.4 mm in the study and three 

different thicknesses were used. Three inner tube diameters were used and varied in thickness (Fig. 

2-3(a and b)). This enabled varying the thickness of the sandwiched UHPC core. For each outer 

tube, a control set of completely filled tubes was also tested. The same external tubes used in the 

UHPC-FDST specimens were also used to fabricate completely filled HSC-FSTs and CFSTs for 

comparison, as shown in Table 2-3.  

Tables 2-2 and 2-3 provide details of the specimens including column IDs, specimen 

repetitions, external  and internal  steel tube diameters and thicknesses (𝐷 , 𝑡  and 𝐷 , 𝑡  

respectively), lengths (𝐿), concrete compressive strengths (𝑓 ), tube yield strengths (𝐹 ,  and 𝐹 , ) 
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as well as diameter-to-thickness ratios (𝐷 /𝑡  and 𝐷 ,/𝑡 ).  The naming scheme adopted in Tables 

2-2 and 2-3 was based on the imperial value of the outer and inner tube cross-section dimensions, 

and the number and order of repetition. For example, CS6083-2-1 corresponds to a circular section 

(CS) of outer dimensions 6x0.083 in. (6083), having an inner tube diameter of 2 in. (2) and being 

the first of the repetitions (1). On the other hand, totally filled specimens were named according 

to the composition of their concrete core. For example, CS6188-NSC-3 refers to a circular section 

of outer dimensions 6x0.188 in. having an inner core of normal strength concrete (NSC) and being 

the third of the repetitions (3).  

 
2.2.3 Specimen Fabrication 

The steel tubes were cut into the desired lengths using a band saw. The ends were ground using a 

sanding disc grinder to ensure that they were leveled. A simple formwork setup was used in which 

12 mm deep circular grooves were engraved in wooden boards for one end of the steel tubes to be 

secured in (Fig. 2-3(c)). The grooves were concentrically cut according to the outer and inner 

diameters and thicknesses of the tubes that were to be supported by the forms. To ensure a 

concentric setup while pouring, wooden spacers were inserted in between the top ends of the inner 

and outer tubes prior to pouring. These were removed later during the concrete pour once most of 

the column height was filled with concrete. Upon hardening and curing, the columns were removed 

from the formwork and the 12 mm extra length of the tube at the bottom was cut, then both ends 

of each column were ground level and square using a concrete grinder.  

 
2.2.4 Instrumentation and Test Setup 

Bi-axial strain gauges were installed at column mid-heights, measuring strains in the directions of 

the longitudinal and hoop axes. The first specimen of each set of repetitions utilized three strain 
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gauges whereas the remaining repetitions used two. The strain gauges were spaced at 120° to 

encompass the circumference of the specimens (Fig. 2-3(b)). Subsequent repetitions were 

instrumented with strain gauges at mid-height of the specimens spaced by 180° apart. To measure 

the axial deflection, Linear Potentiometers (LPs) were installed at the locations adjacent to the 

strain gauges. The measuring ends of the LPs were placed on top of small, angled sections, epoxied 

to the ends of the specimens. This set-up allowed the determination of the column axial deflection 

during testing.  

Figure 2-4 demonstrates the test setup in which an Enerpac RR50012 (4 MN) hydraulic 

cylinder with a swivel loading head was used to exert an axial load onto the specimens from 

underneath.  A controlled load was applied through an electronic hand pump at approximately 20 

kN intervals. The other end of the specimens reacted directly against the flat roof of the self-

reacting frame (Fig. 2-4). A thin layer of plaster was applied on either end for even distribution of 

the load. 

 
2.3 Experimental Results and Discussions 

The following sections present and discuss the experimental results corresponding to the 37 

specimens tested, including the observed failure modes, axial load-deflection and load-strain 

curves, the influence of the geometric parameters of the tubes on the strength and performance of 

UHPC-FDSTs, as well as the effect of different concrete strengths on the axial capacity for a given 

outer tube. Additionally, the confining effect of the steel tubes on the concrete core is studied in 

detail. The ultimate load-carrying capacity (𝑃 ) measured for each specimen is presented in Table 

2-4. 
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2.3.1 Failure Modes 

The axial load-carrying capacities of the test specimens are listed in Table 2-4, which is further 

expanded on by including the standard deviations of repeated test specimens in Table A-1 of 

Appendix A. The common failure modes exhibited by the UHPC-FDST test specimens are 

presented in Fig. 2-5. Local buckling was the most commonly observed mode of failure. This was 

in the form of outwards bulging of the outer tube, commonly referred to as ‘elephant’s foot’ at the 

unloaded ends reacting against the frame. At the same location, the inner tubes were observed to 

buckle inwards.  (Fig. 2-6).  The UHPC core at the ends experiences a brooming effect, whereby 

the infill expands laterally towards the buckled edges of the tubes. The occurrence of local buckling 

likely indicates that a L/D of 3 alone is insufficient for the purpose of classifying a column as stub. 

Rather, the slenderness of the steel tube section must be considered as well. 

Additional bulge formations were observed in various parts of the specimens, mainly 

concentrated away from the loaded ends, within the top two-thirds of the specimen length. 

Furthermore, it was observed that the bulge formation was more visibly prominent with the 

decrease in the outer tube thickness. In addition to the brooming effect, the core UHPC is believed 

to have experienced diagonal shear cracks as indicated by the orientation of the bulge formations 

along the steel tubes. Specimens CS6188-3-1, CS6125-2-1, CS6125-3-3, and CS6083-4-1 are 

amongst some of the columns that visibly demonstrated this effect (Fig. 2-5).  

 
2.3.2 Axial Load-Deflection Behavior 

The load-axial deflection curves are presented in Fig. 2-7 in which axial deflection is calculated as 

the average of the displacements measured by the LPs around the perimeter. Figures 2-7(a), (b), 

and (c) demonstrate the behaviour observed by UHPC-FDSTs of outer tube thicknesses of 4.77 

mm, 3.18 mm, and 2.10 mm, respectively. The figures are presented in a manner that each 
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compares the behaviour of specimens having identical external tube but different inner tubes and 

the totally filled case, as outlined in Tables 2-2 and 2-3. An initial small region of lower stiffness 

is common to all the curves in Figure 2-7, which is the result of the load transfer within the thin 

plaster layers. This is followed by a linear elastic region up to approximately 75% of the peak 

loads. Similar to (Yang et al., 2022), a few paths were observed for the post-peak load-deflection 

curves of UHPC-FDSTs, namely gradual softening, gradual softening followed by a flat plateau 

and gradual softening followed by limited gradual hardening. It should be noted that the word 

gradual is used to indicate that the increase or decrease in capacity is occurring over large changes 

in displacement.  In the post-peak region, at least 50% of the capacity was conserved, up to 20 mm 

in axial deflection (4% of the column lengths). On comparing the retention of axial load-carrying 

capacity of the totally filled specimens in Fig. 2-7, the NSC-FSTs sustained greater post-peak loads 

as a percentage of the total axial load, a value of 89.5%. On the other hand, the HSC-FSTs and 

UHPC-FSTs sustained an average of 75.8% and 76.6% respectively.  

 
2.3.3 Axial Load-Strain Responses 

Figures 2-8 to 2-10 demonstrate the experimentally measured load-strain behaviour of the test 

specimens. The strains correspond to the average of the mid-height measurements on the outer and 

inner steel tubes. In these responses, most of the specimens experienced an immediate sharp drop 

in capacity upon reaching their respective ultimate strengths, a reflection of the impact of local 

buckling of the tube. Furthermore, past the peak, most specimens briefly continued to yield 

followed by a halt in strain increment. This is due to the fact that local buckling occurred away 

from mid-heights, where damage was accumulated in the buckled regions through the form of 

continued localized straining. Additional loading post-peak had a reduced effect on the mid-height 

straining of the specimens. The specimens that continued to deform at mid-height post-failure did 
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so due to a minimal local buckling as was seen for CS6188-2-3 and CS6125-2-1 in Figs. 2-8 and 

2-9. Except for CS6125-3-2, all the outer tubes achieved yield strain prior to reaching the peak 

loads of the respective composite columns. On the other hand, the totally filled UHPC tubes 

demonstrated a greater amount of straining as well as lower reduction in post-peak strength, in 

comparison to double-skinned samples. The exception was CS6083-UHPC (Fig. 2-10(a)) with the 

thinnest tube, which showed rapid decline in strength. A similar behaviour was observed for HSC 

filled tubes as seen in Fig. 2-11, where the post-peak load increasingly demonstrated strain-

softening followed by strain-hardening with the reduction in tube thickness. However, this was not 

the case for NSC where the load was generally maintained over large strain for all tube thicknesses.  

Generally, reductions in post-peak capacities increased with concrete compressive strength. 

Although the inner tubes of the UHPC-FDSTs were instrumented with strain gauges, some 

were damaged during casting and thus were not reported. In general, the shapes of the load-strain 

curves exhibited by the inner tubes resembled those displayed by the outer tubes. However, for 

some specimens the magnitude of the inner strains were typically less than the outer ones.  

 
2.3.4 Effect of Outer Steel Tube Diameter-to-Thickness (𝑫𝒐/𝒕𝒐) Ratio 

The effect of variation in outer tube thickness 𝑡  and thus the outer (𝐷 /𝑡 ) ratio on the load 

carrying capacity of UHPC-FDSTs having identical inner tubes is presented in Fig. 2-12.  Results 

are presented for different concrete wall thicknesses reflected by the hollow section ratios (X) 

suggested by Tao et al. (Tao & Han, 2006) and defined as the ratio of the inner tube’s outer 

diameter to the inner diameter of the outer tube as follows:  

𝑋 =        (1) 

Two grades of round HSS are readily available in Canada: ASTM A500 Grade C and CSA 

G40.20. The ASTM A500 round HSS have 𝐷/𝑡 ratios varying from 9.5 to 80 (Construction, 2017) 
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whereas those classified as G40.20 vary from 9.5 to 64. Within both grades of round HSS, over 

75% of the available sections have a 𝐷/𝑡 ratio within the range of 9.5 to 37.5, belonging to the 

CAN/CSA class 1 classification ("CSA S16:19 - Design of Steel Structures," 2019). Based on the 

𝐷 /𝑡  ratios and yield strengths of the respective outer tubes, CS6188 sections belong to class 1, 

CS6125 belong to class 2, and CS6083 belong to class 3. Figure 2-12 shows that the most 

significant drop in capacity occurs as the 𝐷 /𝑡  ratio increase from 32 to 48, a transition from class 

1 to class 2 sections. This loss in capacity was highest in completely filled tubes and decreases 

with the increase in 𝐷 /𝑡 . For the double skin columns, an average of 6.5% of column strength 

was lost by a 33% reduction in outer tube thickness. As 𝐷 /𝑡  increased from 48 to 72, the 

observed loss was reduced to an average of 4.5% for a further 33% reduction in thickness. This 

behaviour implies that for sections beyond class 2, the effect of reducing the thickness of the outer 

steel tube on the overall capacity of the UHPC-FDST diminishes. Clearly, there is a correlation 

between the axial behaviour of short UHPC-FDSTs and the classes of their respective outer steel 

tube sections which is observed to affect column performance subjected to axial loading. 

 
2.3.5 Effect of the Sandwiched Concrete Thickness 

The influence of the thickness of the sandwiched concrete is presented in Fig. 2-13 in the form of 

the hollow section ratio (X).  For the thickest (𝐷 /𝑡  = 32) outer tube, as X increased from zero to 

0.7 (i.e. a 50% reduction in UHPC volume), axial strength reduced by 28%, while for the thinnest 

(𝐷 /𝑡  = 72) outer tube, axial strength reduced by 20%.  By looking at horizontal lines ‘a’ and ‘b’ 

in Fig. 2-13, it can be seen that a double-skin sample with 𝐷 /𝑡  = 32 and 51 mm inner steel tube 

has a similar strength to a totally filled sample with 𝐷 /𝑡  = 48, and similarly, a double-skin sample 

with 𝐷 /𝑡  = 48 and 51 mm inner steel tube has a similar strength to a totally filled sample with 

𝐷 /𝑡  = 72.  Thus, it is evident that a significant reduction in the volume of concrete can be 
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achieved and compensated for by adding inner tubes and/or using thicker outer tubes.   

On comparing the capacities of UHPC-FDSTs and CFSTs, the double skin tube having the 

thinnest outer tube and largest inner void (CS6083-4) sustained loads similar to the strongest 

normal-strength concrete filled tube specimen CS6188-NSC (Table 2-4). The use of an inner steel 

tube allows for lighter columns leading to high strength-to-weight ratios.   

 
2.3.6 Effect of Concrete Strength and Confinement  

This section compares totally-filled CFSTs containing UHPC, HSC and NSC.  The value of 𝑓  for 

UHPC used in this study varied between 129 to 140 MPa with an average of 135 MPa for the three 

batches used (Table 2-2).  This variation resulted in no more than 3.5% difference in ultimate loads 

in similar replicas as shown in Table 2-4 (e.g. CS6125-UHPC-1 versus CS6125-UHPC-2).  Figure 

2-14 shows the variation of axial strength with 𝑓  for different outer tubes with different 𝐷 /𝑡  

ratios.  The thickest outer tube, CS6188, saw almost linear variation where the ultimate load 

increased by 58% as 𝑓  increased from 42 MPa to 135 MPa. On the other hand, the thinner tubes 

CS6125 and CS6083 exhibited non-linear increases in capacity, namely 72% and 76%, 

respectively, in ultimate strength.   

Confinement of the concrete core is defined as the restriction of lateral dilation of the 

concrete infill by the confining steel tubes, producing a state of triaxial stresses on the core, which 

increases the compressive strength of the infill (Sakino et al., 2004) to a value referred to as 𝑓 , 

the confined compressive strength. It is anticipated that UHPC will not benefit from the effect of 

confinement to the same extent as regular or high strength concrete. This is primarily due to the 

lower dilation ratio as the fibers embedded within the matrix bridge the cracks and thus reduce the 

lateral expansion of UHPC.   

The average confined compressive strength of the UHPC infill (𝑓 ) was calculated for the 
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UHPC-filled double skin tubes and presented in Table 2-4. This parameter is used to determine 

the theoretical stress sustained by the UHPC core and thus the contribution of the UHPC to the 

total capacity of the columns. Herein, 𝑓  is defined as: 

𝑓 = , , , ,  
     (2) 

where 𝑓 ,  and 𝑓 ,  are the stresses in the outer and inner steel tubes, respectively, at peak load 

which can be determined from the strains using the stress-strain curves in Fig. 2-2. Table 2-4 shows 

that 𝑓  values are indeed lower than 𝑓 .  Figure 2-15 shows the variation of (𝑓 /𝑓 ) ratio with 

hollow section ratio (X).  For totally filled tubes, (𝑓 /𝑓 ) was between 0.65-0.75.  As X increases, 

(𝑓 /𝑓 ) slightly increases for the thinnest outer tube (D/t=72), it remains stable for the middle 

thickness tube (D/t=48) or shows reduction for the thickest tube (D/t=32).  The reason for (𝑓 /𝑓 ) 

being lower than 1.0 is because local buckling of the tube occurs before the core attains 𝑓 , 

combined with the arising eccentricity from the non-axisymmetric buckling, which leads to a shift 

of the centroid of the section and some bending (see Figs. 2-5 and 2-6). The presence of bending 

moments restricts the UHPC-FDST from sustaining purely axial loads as the local buckling results 

in a combination of axial and bending forces on the specimens. As such, the UHPC core is unable 

to develop its full axial strength. A finite element model presented later in the paper will further 

discuss confinement of UHPC in more detail and illustrate the bending effect. 

Figure 2-16 shows the measured hoop versus longitudinal strain responses at column mid-

height of the outer steel tube.  Typically, the slope would initially be Poisson’s ratio of steel (0.3) 

and a slope greater than 0.3 would indicate the presence of some confinement within the test 

specimens.  Figure 2-16(a) shows that the response for the totally filled tubes demonstrated a slope 

exceeding Poisson’s ratio but did not vary considerably with tube thickness.  Figure 2-16(b) shows 

that for double skin tubes the strain responses are also similar and did not vary much with inner 
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diameter. Both curves indicate a presence of some level of confinement. However, this 

confinement mechanism is different from that in NSC which is based on a restrained dilation.  

Rather, it is a result of a restrained sliding once a diagonal shear plane is formed (Fig. 2-16(c)).    

To compare the behavior of CFSTs filled with normal and high strength concrete, Fig. 2-

17 plots (𝑓 /𝑓 ) against (Do/to) ratio of the outer tubes. It can be seen that (𝑓 /𝑓 ) increases with 

(Do/to). This is likely attributed to the axial load sharing by the steel tube, which increases with 

tube thickness but also negatively impacts the confinement capacity of the tube. Furthermore, the 

normal strength concrete benefits more from confinement than high strength concrete as evident 

by the higher (𝑓 /𝑓 ).  It is also noted that at (Do/to) = 32, (𝑓 /𝑓 ) for high strength concrete is 

less than 1.0 (0.95), somewhat similar to UHPC. This is again likely due to the onset of steel 

buckling prior to attaining the full in the 𝑓  core. 

 
2.3.7 Comparison with Code Equations and Suggested Modification 

The experimentally obtained ultimate strengths were compared with the Canadian CSA S16:19 

("CSA S16:19 - Design of Steel Structures," 2019) provisions of clause 18.2.2 for composite 

columns. It should be noted that the code equations are based on normal strength concrete and not 

UHPC. Furthermore, the code does not directly address double skin tubular columns. Thus, the 

authors have applied the general framework of the provisions of clause 18.2.2 to calculate the axial 

compressive load resistance of composite double skin steel tubes as follows:  

𝐶 =  
.  

( )
     (3) 

𝜏 = 1 +
/ .

    (4)     

𝜏 =       (5) 
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𝜌 = 0.02 (25 − 𝐿/𝐷 )     (6) 

where m = i (inner steel tube) or = o (outer steel tube). Rewriting Eq. (3) above, the ultimate 

compressive load was calculated as: 

𝐶 =  
, ,  , ,   .  

( )
    (7) 

𝜏 = 1 +
/

,

.
+

/

,

.
   (8) 

𝜆 =        (9) 

𝐶 =
( )

      (10) 

𝐸𝐼 = 𝐸𝐼 +
.

/
     (11) 

where 𝜏 = 1.0 𝑓𝑜𝑟 𝐿/𝐷 < 25, 𝐶 = 𝐶  𝑐𝑜𝑚𝑝𝑢𝑡𝑒𝑑 𝑤𝑖𝑡ℎ  𝜆 = 0, 𝜙 = 𝜙 = 1, 𝐶 /𝐶 = 0  and 

𝑛 = 1.8. For UHPC (Graybeal, 2006),  

𝐸 = 3837 𝑓      (12) 

Table 2-5 shows that the loads predicted by the CSA provisions (𝐶 ) are greatly overestimated by 

12-56%, with an average of 37%. Evidently, Eq. (3) needs to be adjusted to reflect UHPC in the 

concrete contribution term. To do so, the experimental strength of the concrete core (𝐹 , ) was 

determined as the difference between the axial capacity of a given specimen and the sum of the 

strengths of its inner and outer steel tubes:  

𝐹 , = 𝑃 − 𝐴 , 𝐹 , + 𝐴 , 𝐹 ,      (13) 

On the other hand, the strength of the concrete as per CSA S16:19 clause 18.2.2 is determined 

from Eq. (7) as: 
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𝐹 , =  0.75 𝜏 𝐴 𝑓 = 𝐶  (1 + 𝜆 ) − (τ 𝐴 , 𝐹 , +  τ 𝐴 , 𝐹 , ) (14) 

Dividing Eq. (13) by Eq. (14) yields a UHPC strength modification factor, hereby defined as 

𝛾 : 

𝛾 =
 ,

,
      (15) 

Multiple linear regression is run for 𝛾  with the following code equation parameters: 

,

( / )
,

,

( / )
 and (𝐷 /𝐷 ), which yields the following relationship: 

𝛾 = 0.94 − 0.03
,

( / )
 + 0.002

,

( / )
− 0.21 (𝐷 /𝐷 )  (16) 

Figure 2-18 shows the experimental versus the regressed 𝛾 .  Finally, the axial strength of the 

UHPC filled steel tubes or double-skin tubes can be calculated by modifying Eq. (7) as follows: 

𝐶 ∗ =  
, ,  , ,   .   

( )
   (17) 

Table 2-5 shows the predicted ultimate loads 𝐶 ∗  based on modified code equation and Fig. 2-19 

shows variation of the predicted load 𝐶 ∗  and the experimental load Pu, which shows all the points 

above the 45 degrees line, indicating the design equation is conservative with vast majority of the 

points underestimated by no more than 15%. 

 
2.4 Finite Element (FE) Analysis 

The commercially available software LS-DYNA ((LSTC), 2007) was used in this study as it is 

ideal for modelling nonlinearities and contacts. Furthermore, the explicit dynamic capability of 

LS-DYNA reduces convergence problems that can be encountered in such analyses. A model was 

previously developed and successfully validated by the authors for totally filled steel tubes (Haidar 

et al., 2022). In this study another model is developed for UHPC-FDSTs.  
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2.4.1 Model Development 

Four individual components were required to build the FE model to simulate UHPC-FDSTs: a 

concrete core, an outer and inner steel tube, and identical rigid steel platens on either end of the 

column to simulate the test set-up. Figure 2-20 illustrates the typical model used in the analyses. 

The dimensions and material properties of the model parts are consistent with those used in the 

experimental testing (Tables 2-1 and 2-2). Three-dimensional 8-node hexahedral constant stress 

solid elements (ELFORM 1) were used to model the concrete core and steel platens, which are 

known to be computationally efficient and accurate. Hourglass stabilization is required to prevent 

unnecessary deformation which was provided through the control parameters of the pre-processor, 

LS-PrePost, using the Flanagan-Belytschko stiffness-based formulation with an hourglass 

coefficient of 0.03 (Youssf et al., 2014). The steel tubes were modelled using fully integrated 

(ELFORM 16) shell elements. A shear correction factor of 0.83 was used as suggested for isotropic 

materials ((LSTC), 2014).  Further details of the model, including material models for UHPC and 

steel, mesh size and loading are similar to those described in (Haidar et al., 2022) for totally filled 

tubes.  The boundary conditions used in the model were selected to match the conditions applied 

during testing. As one end of the UHPC-FDST reacted against the roof of the frame, the model 

was prevented from rotations and translations at this end, as seen in Fig. 2-20. The loaded end 

followed the motion of the swivel head which was free to rotate in all directions but only allowed 

to translate along the z- (loading) axis. For comparison, an additional model was produced for 

specimen CS6083-4 in which the columns were subjected to fixed constraints on both ends. It was 

observed that this constraint did not alter the load-carrying capacity of the specimen. The buckled 

shape, however, was axisymmetric as opposed to leaning in a specific direction as demonstrated 

by the test specimens.   



25 

 For the double-skin columns examined in this study, a mesh sensitivity analysis was 

conducted using the FEM model of specimen CS6083-4.  A three-layer concrete core model with 

10,275 elements, as seen in Fig. 2-21(a), produced an ultimate capacity of 1783 kN.  On the other 

hand, a finer mesh model consisting of ten layers of concrete core, having 21,300 elements, as 

seen in Fig. 2-21(b), and effectively doubling the computational time required for analysis 

produced an ultimate load of 1740 kN, which is only a 2.5% difference from the course mesh. The 

experimental value was 1695 kN.  As such, the courser mesh was deemed the most efficient. 

 
2.4.2 Results of FE Model 

Table 2-6 compares the FE-predicted ultimate strengths and those obtained experimentally for 

UHPC-FDST samples. Overall, there is good agreement between the predicted and observed 

capacities of the UHPC-FDSTs, where the mean ratio and coefficient of variation are 1.05 and 

0.04, respectively, indicating conformity among the results. The FE models were found to slightly 

over predict the ultimate strengths as they did not account for the geometric and material 

imperfections of the specimens or test setup.   

The load-strain behaviours of the FE models of specimens CS6083-2, CS6125-3, and 

CS6188-4 are plotted in Figs. 2-22(a)-(c) and are compared against those exhibited by the 

corresponding test specimens. The FE predicted behaviour was noted to be consistent with the test 

behaviour until the specimen reach peak capacity. The post-peak curves of the models were 

observed to vary a bit from their experimental counterparts. 

Figure 2-23 illustrates the failure modes exhibited by a variety of the FE models, containing 

side-by-side profiles of the concrete core and the inner and outer steel tubes. The FE models 

generally exhibited the common failure modes and buckled shapes illustrated in Fig. 2-5, including 

the inward buckling experienced by the inner steel tubes.  
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To further investigate the behaviour of UHPC-FDSTs, a small parametric study was 

undertaken in which the thickness of the inner steel tube was varied to determine their influence 

on the load-carrying capacity and failure modes. Specimen CS6083-4, used as the reference 

specimen, had the wall of its inner tube varied to approximately 50% and 150% (𝑡  = 1.59 and 4.77 

mm, respectively) of the original thickness (𝑡  = 3.18 mm). The findings indicate a linear 

relationship between the change in capacity and that of the cross-sectional area of the inner tube, 

suggesting no impact on the concrete core strength.      

 
2.4.3 Progression of Failure and Confinement  

The results of the FE analysis were additionally used to explain the progression of failure 

demonstrated by a typical UHPC-FDST. Initially, the UHPC component behaves linearly until 

reaching its peak capacity. The behaviour of the steel tubes at mid-height remains linear until 

moments prior to failure in which a sudden onset of yielding is followed by a loss in capacity. The 

strain gauges do not capture the true yielding that is occurring within the parts of the specimens 

that locally buckle due to the placement of the gauges at column mid-heights.  Figure 2-21 shows 

the axial compressive stresses in the concrete core of the CS6083-4 FE model, just before reaching 

the peak load, using a three and ten layer meshes (Fig. 2-21(a) and (b)), and at a post-peak load 

(Fig. 2-21(c)).  On examining the stress distribution at each stage of the analysis, the compressive 

stresses sustained by the infill progressively increase and, in some parts, exceed the unconfined 

value of 𝑓  = 136 MPa, indicating a confinement effect. However, the increase in 𝑓  seems to be 

localized whereby the FE model shows that the outer and inner layers of the concrete shell adjacent 

to the steel tubes experience the highest stresses (Figs. 2-21(a) and (b)), with the former being 

greater in magnitude than the latter.  

Figure 2-24 shows the stress-strain history at the element subjected to the highest axial 
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stress of (181 MPa), compared to the UHPC stress-strain curve obtained from a separate model of 

a plain concrete cylinder of 𝑓  = 136 MPa.  On the other hand, the middle layers of the concrete 

shell experience the lowest stress. In general, the average of the stresses across the concrete wall 

thickness is lower than 𝑓 , exactly as was observed experimentally (Fig. 2-15).   

Unlike the axisymmetric stress distribution just before reaching the peak load (Figs. 2-

21(a) and (b)), the post peak stresses (Fig. 2-21(c)) become non-axisymmetric and localized. As 

explained earlier, the buckling of the steel on one side produces a shift in the centroid of the 

specimens which leads to a bending moment caused by the now eccentric loading. This reduces 

the axial compressive stress on the concrete core which is reflected in the FE model by a decrease 

in 𝑓 , immediately post-failure. Furthermore, after significant deformation, the model indicates the 

presence of tensile stresses in concrete that are concentrated in the vicinity of the buckled tube.  

 
2.5 Summary 

This paper investigates experimentally and numerically the axial loading behavior of Ultra-high 

performance concrete (UHPC) (135 MPa)-filled double skin steel tubular columns.  A total of 37 

stub columns (450 mm long x 152 mm diameter) were tested, including totally filled control tubes 

and tubes filled with normal- and high-strength (NSC and HSC) concrete.  The study examined 

the effects of outer tube diameter-to-thickness (𝐷 /𝑡 ) ratio and inner-to-outer tube diameter ratio, 

which reflects UHPC wall thickness, on axial strength. A nonlinear finite element model using 

computer program LS-DYNA was also developed and verified.  The study showed that the stubs 

with the thinnest outer tube (𝐷 /𝑡  = 72) and largest inner void ratio (0.7) achieved equivalent 

strength to the NSC (41 MPa) totally filled thickest tube (𝐷 /𝑡  = 32).  Failure occurred by 

outwards local buckling of the outer tube and inwards buckling of the inner tube, along with UHPC 

diagonal shear failure. The UHPC core did not benefit from conventional dilation-based 
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confinement, as the confined strength ratio (𝑓 /𝑓 ) was less than 1.0, due to the onset of local 

buckling before the core attained 𝑓  as well as the eccentricity arising from tube buckling.  The 

peak load reduced nonlinearly with 𝐷 /𝑡  due to a transition from a class 1 to class 2 section, and 

the post-peak load drop increased with concrete strength (𝑓 ) and (𝐷 /𝑡 ) ratio. As UHPC 

thickness reduced to a 50% volume reduction, axial strength reduced by 20-28%.  The Canadian 

CSA S16:19 code provisions overestimated axial strength by 12-56%. A modification factor was 

developed and is recommended to be introduced in the code equation. 
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Table 2- 1: Yield strengths of the steel sections used 

 
 
 
 
 
 
 
 
 
 
 

 

1 𝐹  = Steel yield strength  
2 Circular section of Do x to = 152.4 x 4.8 mm (6 x 0.188”) 
3 Circular section of Do x to = 152.4 x 3.2 mm (6 x 0.125”) 
4 Circular section of Do x to = 152.4 x 2.1 mm (6 x 0.083”) 
* Experimentally determined using the 0.2% off-set method 
** Manufacturer provided values 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Section 𝐹  1 (MPa) 

CS61882 412.5* 

CS61253 372.3** 

CS60834 335.9* 

101.6 x 3.18 361.4** 

76.2 x 2.10 301.1* 

50.8 x 1.65 310.3** 
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Table 2- 2: Details of UHPC test specimens 

Specimen ID 1 
Do 

2 
(mm) 

to
 3 

(mm) 
Di 4 

(mm) 
ti 

5 

(mm) 
L 6 

(mm) 
𝐷 /𝑡  𝐷 /𝑡  

𝑓  7 

(MPa) 
𝐹 ,

8 

(MPa) 
𝐹 ,

9 
(MPa) 

CS6188-UHPC   - -   - 128.9  - 
CS6188-2-1   50.8 1.65   31 136.0  310 
CS6188-2-2   50.8 1.65   31 140.3  310 
CS6188-2-3 152.4 4.77 50.8 1.65 450 32 31 136.0 413 310 
CS6188-3-1   76.2 2.11   36 140.3  301 
CS6188-4-1   101.6 3.18   32 140.3  361 
CS6188-4-2   101.6 3.18   32 136.0  361 
CS6125-UHPC-1   - -   - 140.3  - 
CS6125-UHPC-2   - -   - 128.9  - 
CS6125-UHPC-3   - -   - 136.0  - 
CS6125-2-1   50.8 1.65   31 140.3  310 
CS6125-2-2 152.4 3.18 50.8 1.65 450 48 31 140.3 372 310 
CS6125-3-1   76.2 2.11   36 136.0  301 
CS6125-3-2   76.2 2.11   36 136.0  301 
CS6125-3-3   76.2 2.11   36 140.3  301 
CS6125-4-1   101.6 3.18   32 140.3  361 
CS6083-UHPC   - -   - 140.3  - 
CS6083-2-1   50.8 1.65   31 136.0  310 
CS6083-3-1   76.2 2.11   36 140.3  301 
CS6083-3-2 152.4 2.11 76.2 2.11 450 72 36 140.3 336 301 
CS6083-4-1   101.6 3.18   32 128.9  361 
CS6083-4-2   101.6 3.18   32 140.3  361 
CS6083-4-3   101.6 3.18   32 136.0  361 

 

1 Identification: e.g. CS6083-2-2 = circular section of outer tube diameter and thicknesses of 6 and 0.083 in, having an inner tube diameter of 2 in 
and being the 2nd repetition, and CS6083-UHPC = completely filled column.   
2 Do = outer tube diameter.    
3 to = outer tube thickness.     
4 Di = inner tube diameter.    
5 ti = inner tube thickness.    
6 L = column length.     
7 𝑓  = concrete compressive strength.    
8 𝐹 ,  = outer tube yield strength.  
9 𝐹 ,  = inner tube yield strength. 
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Table 2- 3: Details of NSC and HSC test specimens 

Specimen ID 1 Do 
2 (mm) to

 3 (mm) L 4 (mm) 𝐷 /𝑡  𝑓  5 (MPa) 𝐹 ,
6 (MPa) 

CS6188-NSC-1  4.77  32  413 
CS6188-NSC-2  4.77  32  413 
CS6188-NSC-3  4.77  32  413 
CS6125-NSC-1 152.4 3.18 450 48 40.8 372 
CS6125-NSC-2  3.18  48  372 
CS6083-NSC-1  2.11  72  336 
CS6083-NSC-2  2.11  72  336 
CS6188-HSC-1  4.77  32  413 
CS6188-HSC-2  4.77  32  413 
CS6125-HSC-1  3.18  48  372 
CS6125-HSC-2 152.4 3.18 450 48 70.8 372 
CS6083-HSC-1  2.11  72  336 
CS6083-HSC-2  2.11  72  336 
CS6083-HSC-3  2.11  72  336 

 
1 Identification: e.g. CS6188-NSC = completely filled column.   
2 Do = outer tube diameter.    
3 to = outer tube thickness.     
4 L = column length.     
5 𝑓  = concrete compressive strength.    
6 𝐹 ,  = outer tube yield strength.  
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Table 2- 4: Ultimate loads (𝑃 ) and confined compressive strengths (𝑓 ) of test specimens. 

Specimen ID  𝑋 1 𝑃 2 (kN) 𝑓  3 (MPa) 𝑓  4 (MPa) 

CS6188-UHPC 0.000 2665.4 128.9 102.4 
CS6188-2-1 0.356 2329.4 136.0 88.6 
CS6188-2-2 0.356 2255.6 140.3 83.8 
CS6188-2-3 0.356 2179.9 136.0 78.7 
CS6188-3-1 0.533 1989.5 140.3 74.0 
CS6188-4-1 0.711 1936.7 140.3 74.3 
CS6188-4-2 0.711 1923.7 136.0 72.8 
CS6125-UHPC-1 0.000 2289.1 140.3 85.6 
CS6125-UHPC-2 0.000 2215.1 128.9 95.0 
CS6125-UHPC-3 0.000 2272.8 136.0 98.3 
CS6125-2-1 0.348 2106.7 140.3 95.3 
CS6125-2-2 0.348 1988.1 140.3 87.6 
CS6125-3-1 0.522 1773.7 136.0 82.9 
CS6125-3-2 0.522 1944.5 136.0 96.1 

CS6125-3-3 0.522 1971.5 140.3 98.2 

CS6125-4-1 0.696 1789.7 140.3 80.3 

CS6083-UHPC 0.000 2111.6 140.3 92.2 

CS6083-2-1 0.343 2068.7 136.0 105.3 

CS6083-3-1 0.514 1912.4 140.3 108.5 

CS6083-3-2 0.514 1744.1 140.3 95.8 

CS6083-4-1 0.686 1662.5 128.9 114.2 

CS6083-4-2 0.686 1720.4 140.3 107.0 

CS6083-4-3 0.686 1700.5 136.0 105.0 

CS6188-NSC-1 0.000 1656.6 40.8 43.5 

CS6188-NSC-2 0.000 1710.6 40.8 46.6 

CS6188-NSC-3 0.000 1703.8 40.8 46.2 

CS6125-NSC-1 0.000 1332.2 40.8 44.5 

CS6125-NSC-2 0.000 1292.5 40.8 42.2 

CS6083-NSC-1 0.000 1281.5 40.8 53.4 

CS6083-NSC-2 0.000 1232.0 40.8 50.6 

CS6188-HSC-1 0.000 2049.4 70.8 66.4 

CS6188-HSC-2 0.000 2067.6 70.8 67.5 

CS6125-HSC-1 0.000 1839.0 70.8 73.5 

CS6125-HSC-2 0.000 1814.9 70.8 72.1 

CS6083-HSC-1 0.000 1672.9 70.8 75.4 

CS6083-HSC-2 0.000 1814.2 70.8 83.4 
CS6083-HSC-3 0.000 1777.6 70.8 81.3 

1 𝑋 = Hollow section ratio 
2 𝑃  = Test ultimate strength of CFST 
3 𝑓  = Compressive strength of concrete infill 
4 𝑓  = Confined compressive strength of concrete infill 
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Table 2- 5: Comparison between the results of the experimental study and the current 

Specimen ID  𝑃  1 (kN) 𝐶  2 (kN) 𝐶 /𝑃  𝐶∗  3 (MPa) 𝐶∗ /𝑃  

CS6188-2-1 2329.4 3390.7 1.46 1983.52 0.85 

CS6188-2-2 2255.6 3439.3 1.52 2005.93 0.89 

CS6188-2-3 2179.9 3390.7 1.56 1983.52 0.91 

CS6188-3-1 1989.5 3077.1 1.55 1795.43 0.90 

CS6188-4-1 1936.7 2728.2 1.41 1666.74 0.86 

CS6188-4-2 1923.7 2699.2 1.40 1655.50 0.86 

CS6125-2-1 2106.7 2921.6 1.39 1990.71 0.94 

CS6125-2-2 1988.1 2921.6 1.47 1990.71 1.00 

CS6125-3-1 1773.7 2568.3 1.45 1728.86 0.97 

CS6125-3-2 1944.5 2568.3 1.32 1728.86 0.89 

CS6125-3-3 1971.5 2610.0 1.32 1753.18 0.89 

CS6125-4-1 1789.7 2335.6 1.40 1593.51 0.96 

CS6083-2-1 2068.7 2552.9 1.23 1905.06 0.92 

CS6083-3-1 1912.4 2322.5 1.21 1694.85 0.89 

CS6083-3-2 1744.1 2322.5 1.33 1694.85 0.97 

CS6083-4-1 1662.5 2011.1 1.12 1475.75 0.82 

CS6083-4-2 1720.4 2093.4 1.22 1528.02 0.89 

CS6083-4-3 1700.5 2062.4 1.21 1508.30 0.89 

Mean   1.37  0.91 

COV   0.12  0.04 

1 𝑃  = Test ultimate strength of UHPC-FDST 
2 𝐶  = Compressive strength of UHPC-FDST calculated in accordance with CSA S16:19  
3 𝐶∗  = Compressive strength of UHPC-FDST calculated based on the proposed modification factor 
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Table 2- 6: Comparison of FE-predicted and experimental ultimate capacities 

Specimen Group  𝑃 ,  1 (kN) 𝑃  2 (kN) 𝑃 /𝑃 ,
 

CS6188-2 2255.0 2480.0 1.10 

CS6188-3 1989.5 2073.8 1.04 

CS6188-4 1930.2 1895.7 0.98 

CS6125-2 2087.7 2252.9 1.08 

CS6125-3 1896.6 2101.7 1.11 

CS6125-4 1789.7 1720.0 0.96 

CS6083-2 1988.1 2150.0 1.08 

CS6083-3 1828.3 1823.5 1.00 

CS6083-4 1694.5 1779.6 1.05 

Mean   1.04 

COV   0.05 

          1 𝑃 ,  = Average of test ultimate capacities of UHPC-FDST 
          2 𝑃  = FEM-predicted axial load-carrying capacity  
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Figure 2- 1: UHPC cylinders from batches 1 to 3, post testing 
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Figure 2- 2: Stress-strain curves of the steel tubes 
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(b) 

 

           

     (a) (c) 

Figure 2- 3: a) UHPC-FDST configurations, b) typical UHPC-FDST cross-section, and c) 

formwork used in casting of specimens 
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Figure 2- 4: Test set-up 
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Figure 2- 5: Failure modes of UHPC-FDSTs showing buckling of outer tubes 
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Figure 2- 6: Failure modes of UHPC-FDSTs showing inwards buckling of inner tubes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



41 

Figure 2- 7: Axial load-deflection curves for UHPC-FDSTs of (a) 𝑡  = 4.77 mm, (b) 𝑡  = 3.18 

mm, (c) 𝑡  = 2.10 mm, (d) HSC-FSTs and (e) CFSTs 

 

  

(a) UHPC-FDST: 𝐷  = 152.4 mm and 𝑡  = 4.77 mm (b) UHPC-FDST: 𝐷  = 152.4 mm and 𝑡  = 3.18 mm 

  

(c) UHPC-FDST: 𝐷  = 152.4 mm and 𝑡  = 2.10 mm (d) HSC-filled steel tubes 
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          (a) Totally filled           (b) With 51 mm inner tube 

  
        (c) With 76 mm inner tube         (d) With 102 mm inner tube 

 

Figure 2- 8: Axial load-strain curves of UHPC-FDSTs with 𝑡  = 4.77 mm outer tube 
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       (a) Totally filled        (b) With 51 mm inner tube 

  
       (c) With 76 mm inner tube        (d) With 102 mm inner tube 

 

Figure 2- 9: Axial load-strain curves of UHPC-FDSTs with 𝑡  = 3.18 mm outer tube 
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       (a) Totally filled        (b) With 51 mm inner tube 

  
(c) With 76 mm inner tube (d) With 102 mm inner tube 

 

Figure 2- 10: Axial load-strain curves of UHPC-FDSTs with 𝑡  = 2.11 mm outer tube 
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(a) HSC-FST with 4.77 mm thick tube (d) CFST with 4.77 mm thick tube 

  

(b) HSC-FST with 3.18 mm thick tube (e) CFST with 3.18 mm thick tube 

  

(c) HSC-FST with 2.11 mm thick tube (f) CFST with 2.11 mm thick tube 

Figure 2- 11: Axial load-strain curves of: (a, b, and c) HSC-FSTs and (d, e, and f) CFSTs of 

different tube thicknesses 
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Figure 2- 12: Influence of outer tube thickness on axial strength for different inner void sizes 

 

 

 

Figure 2- 13: Influence of thickness of concrete infill on axial strength for different outer tube 

thicknesses 
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Figure 2- 14: Effect of concrete strength on capacity of totally filled tubes of different 

thicknesses 

 

 

 

Figure 2- 15: Confinement ratio (𝑓 /𝑓 ) vs. hollow section ratio (X) 
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(a) Totally filled tubes with different tube thickness 

 

(b) Different inner tube diameters 

 

 

 

 

 

 

 

(c) Activation of outer tube in UHPC vs. NSC 

Figure 2- 16: Hoop versus axial strain responses for outer tube 
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Figure 2- 17: Confinement ratio (𝑓 /𝑓 ) vs. external tube (𝐷 /𝑡 ) for normal and high strength 

concrete-fill 

 

 

Figure 2- 18: Comparison of calculated vs. predicted 𝛾  
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Figure 2- 19: Comparison of calculated vs. measured ultimate load 

 

 

 

Figure 2- 20: Finite element model of a typical UHPCDFST 
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(a) Immediately before peak load (3 layers mesh)         (b) Immediately before peak load (10 layers mesh) 

   

(c) Post peak load 

Figure 2- 21: Concrete core FE axial stress for CS6083-4 
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(a) UHPC-FDST: CS6083-2-1 

     

                  (b) UHPC-FDST: CS6125-3-3 

 

                  (c) UHPC-FDST: CS6188-4-1 

Figure 2- 22: FE and experimental load-strain curves for specimens (a) CS6083-2-1, (b) 

CS6125-3-3, and (c) CS6188-4-1 
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Concrete Core Outer Steel Tube Inner Steel Tube 

 

 (a) CS6083-2 
 

 

   
Concrete Core Outer Steel Tube Inner Steel Tube 

 

 (b) CS6083-4 
 

 

   
Concrete Core Outer Steel Tube Inner Steel Tube 

 

 (e) CS6188-4  
Figure 2- 23: Failure modes exhibited by FE models of UHPC-filled double skin steel columns 
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Figure 2- 24: FEM concrete axial stress-strain curves corresponding to the most confined layer 

of specimen CS6083-4 and a modeled plain UHPC cylinder with 136 MPa unconfined strength 
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Chapter 3 

Axial Compressive Strength of Slender UHPC-Filled Steel Tubes1 

 
3.1 Introduction 

Concrete is one of the most used construction materials in the world due to its durability, strength 

and resistance to various mechanical and environmental effects making it a popular choice for 

structures (Hansson, 1995). On the other hand, it lacks ductility because of its low tensile strength 

and brittle crushing failure in compression (Russell et al., 2013). To overcome these shortcomings, 

various techniques have been adopted, one of which is the confinement of concrete with an external 

shell which increases the compressive strength and ductility and can be either a steel (Ekmekyapar 

& Hasan, 2019; Gourley et al., 2008; Han, 2004; Knowles & Park, 1969; Lu et al., 2015; Sakino 

et al., 2004; Schneider, 1998) or fibre reinforce polymer tube (Fam et al., 2003; Fam & Rizkalla, 

2001, 2002). Ultra-high performance fiber-reinforced concrete (UHPC) emerged as an alternative 

with extraordinary properties, including a compressive strength in the range of 120 to 200 MPa, a 

tensile strength up to 15 MPa with a hardening post-peak behavior, and significant durability and 

ductility (Jawdhari & Fam, 2020; Kadhim et al., 2022; Kadhim et al., 2021). UHPC has been used 

in many applications such as in construction of high-rise buildings and members used to resist high 

velocity impact, blast, seismic loads (BĂRBOS & PĂSTRAV, 2014; Das & Nanthagopalan, 2022; 

Elmorsy & Hassan, 2021; Liu et al., 2022); construction of bridge decks and joints between precast 

bridge girders (Graybeal, 2010; Perry & Weiss, 2009); and in retrofit of deficient members 

(Doiron, 2016). 

UHPC-filled steel tubes (UHPC-FSTs) have then emerged as a viable alternative to normal  

___________________________________________ 
1 This chapter has been submitted for publication as the following journal paper: 
   Haidar, A., Jawdhari, A. & Fam, A. (2022). “Axial Compressive Strength of Slender UHPC-Filled Steel Tubes”, 

Engineering Structures, Under review.  
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strength concrete-filled steel tubes (CFSTs), offering better benefits such as  higher capacities, 

greater ductility and energy absorption, and economic savings using smaller sections (Yan et al., 

2021). UHPC-FSTs have been studied under axial (Chen et al., 2018; Guler et al., 2013; Yan et 

al., 2019; Zhang et al., 2020), flexural (Guler et al., 2012; Li et al., 2021; Xiong et al., 2017), 

seismic (Cai et al., 2021; Xu et al., 2017), and blast loads (Li et al., 2015; Li et al., 2017; Xu et al., 

2016). Studies on UHPC-FSTs have been mostly performed on short or stocky columns. Testing 

of slender high-strength (Hernández-Figueirido et al., 2012; Portolés et al., 2011) and ultra-high 

strength (Ibañez et al., 2017; Portolés et al., 2013; Romero et al., 2015; Romero et al., 2017) 

concrete columns has been performed in the past, but not on UHPC-FSTs. Portoles et al. (2011) 

tested eccentrically loaded slender high strength concrete (HSC) (90 MPa) CFST columns 

whereby they varied the diameter-to-thickness ratio, eccentricity ratio, and column slenderness 

ratio. The study concluded that increasing concrete strength for slender columns with large 

eccentricities, although caused a noticeable increase in ductility, did not produce any significant 

increase in load-carrying capacity. Portoles et al. (2013) extended the research in (Portolés et al., 

2011) to include concentric HSC and ultra-high strength concrete (UHSC) filled slender tubes and 

found that the use of HSC and UHSC in concentrically loaded columns was of greater benefit than 

in the cases of eccentric loading. 

Numerical simulations using finite element (FE) analyses have been successfully 

performed on normal strength concrete (NSC)-filled steel tubes in the past. These tubes have been 

modelled under axial concentric loading (Dai et al., 2014; Ouyang & Kwan, 2018; Tao et al., 

2013), eccentric loading (Ouyang et al., 2017), lateral impact (Qu et al., 2011; Remennikov et al., 

2011; Wang et al., 2013), combined loading (Patel et al., 2013) and more. On the other hand, there 

is a lack of FE studies on UHPC-FST columns.  UHPC is commonly modelled using FE programs 
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such as Abaqus (Cao & Shao, 2019; Chen & Graybeal, 2010; Luo et al., 2016; Shafieifar et al., 

2017) and LS-DYNA (H. Wu et al., 2019; Yin et al., 2019). Although the two are similar, LS-

DYNA performs better in explicit analyses (Liu, 2008; Rust & Schweizerhof, 2003) and has been 

used in numerous impact and dynamic analyses on UHPC structures (Liu et al., 2018; Su et al., 

2021; H. Wu et al., 2019). Furthermore, explicit FEA can better capture the post-peak behavior, 

which is relevant in UHPC structures. In this study, a FE model was developed using LS-DYNA 

software, to evaluate the behaviour of slender circular UHPC-FST columns under concentric axial 

loads. 

 
3.2 Research Objective  

To date, there has not been any experimental or numerical research on slender UHPC-FST columns 

to the authors’ knowledge. Additionally, existing code provisions (e.g. CAN/CSA S16:19 ("CSA 

S16:19 - Design of Steel Structures," 2019)) are intended for normal strength concrete (NSC)-

filled hollow sections. These provisions might grossly underestimate the load-carrying capacity of 

UHPC-FSTs, thus not enabling designers to take advantage of UHPC. A robust nonlinear FE 

model is developed and validated against a large experimental database from literature on 

unconfined UHPC specimens and short UHPC-FST columns.  The varied parameters include 

unconfined compressive strength (fc
') for UHPC of 113 to 192 MPa, tube yield strength (𝐹 ) of 269 

to 446 MPa, tube thickness (𝑡) of 2 to 9 mm, diameter-to-thickness ratio (𝐷/𝑡) between 13 and 55, 

and length-to-diameter ratio (𝐿/𝐷) from 3 to 7.  A comprehensive parametric study was conducted 

to assess the behaviour of slender UHPC-FSTs under different geometric and material properties 

and boundary conditions. The results of the study were used to assist in evaluating the predictions 

of CAN/CSA S16:19 ("CSA S16:19 - Design of Steel Structures," 2019) code and develop the 

necessary modification to enable accurate prediction or design of axial load-bearing capacity of  
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UHPC-FSTs.   

 
3.3 Experimental Database  

This section discusses the experimental data collected from literature for the purpose of validating 

the FE model. In total, 24 specimens were validated, six of which were unconfined UHPC 

specimens and 18 were UHPC-FST columns. The unconfined specimens were used to validate the 

constitutive material model for concrete whereas the UHPC-FSTs were used to establish the FE 

model’s ability to reproduce the structural response and failure modes of the columns.  

 
3.3.1 Unconfined UHPC Specimens 

Six unconfined UHPC specimens from various studies were modelled for the validation of the 

calibrated material model. Table 3-1 lists the geometric and material properties for the specimens 

where fc
’ varied between 138-192 MPa and the dimensions ranged between diameters (D) of 50-

100 mm and lengths (L) of 50-200 mm. All specimens contained 2% steel fibers by volume, as 

recommended by Wu. et al (2019) as the optimum value. Finally, the performance of the model 

for different specimen shapes was tested using the cubic and cylindrical specimens.  

 
3.3.2 UHPC-FST Specimens  

The experimental results used in the validation stemmed from three different papers, providing 18 

specimens in total, described in Table 3-2. The specimens have different material and geometric 

characteristics as well as loading eccentricities. The first paper (Chen et al., 2018), tested short 

circular and square specimens with L/D ratio of approximately 3.0 to ensure stub column 

behaviour. The samples consisted of six circular and six square specimens of lengths 342 mm and 

300 mm, respectively, and fc
’ of either 113.2 or 130.8 MPa. The D/t ratio ranged between 13-55 

and 𝐹  was 251.8 to 371.6 MPa.  
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The second set of specimens (Le Hoang et al., 2019) tested the FE model in simulating 

intermediate-length columns. The samples were approximately 1000 mm long with L/D ratio of 

6.23 and D/t between 17 and 30. fc
’ varied between 187.8 and 192.4 MPa while 𝐹  varied between 

373.4 and 445.9 MPa. Similar to unconfined UHPC, the specimens contained 2% steel fibers by 

volume. The final set taken from (Le Hoang et al., 2019), considered different loading 

eccentricities thus providing an opportunity to evaluate the model behaviour under large lateral 

deflections. Three specimens were validated, ranging from 540-1080 mm in length with L/D ratio 

of 3.54 to 7.09, D/t approximately 36, fc
’ of 145.9 MPa and 𝐹  of 394.4 MPa. The applied 

eccentricities were either 15 or 30 mm. 

 
3.4 Finite Element Modelling 

The commercial software LS-DYNA ((LSTC), 2007), which employs a robust explicit dynamic 

solver, was used to develop the FE model and is typically preferred over other software (Cao & 

Shao, 2019) when modeling large nonlinearities, contacts, or dynamic loading. An explicit analysis 

is advantageous when the post-peak performance is of interest (Qi et al., 2013) and can reduce 

convergence problems when the analysis involves contact, damage and failure problems. The 

following sub-sections discuss the various parts of the FE model.   

 
3.4.1 Model Geometry and Element Types 

The FE model of the UHPC-FST specimens consisted of three components: a solid concrete core, 

an external steel shell and rigid steel platens used for loading and support, Figure 3-1. In case of 

eccentric loading, rigid steel pins were also used to transfer the eccentric loads to the platens. In 

LS-DYNA, elements are defined by “section” and “ELFORM”. The section feature is used to 

indicate the type of element (for example, solid or shell) whereas ELFORM defines the element 
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formulation which determines how element displacements are calculated. Three-dimensional 8-

node hexahedral constant stress solid elements (ELFORM 1) were used to model the concrete core, 

steel platens, and steel loading cylinders. These elements are efficient and accurate although 

hourglass stabilization is required to prevent unnecessary deformation. Hourglass control was 

provided through the control parameters of the pre-processor, LS-PrePost, using the Flanagan-

Belytschko stiffness-based formulation with an hourglass coefficient of 0.03 (Youssf et al., 2014). 

The steel tubes were modelled using fully integrated (ELFORM 16) shell elements which allow 

for very quick computational times. A shear correction factor of 0.83 was used as suggested by the 

LS-DYNA user manual for isotropic materials ((LSTC), 2014). 

 
3.4.2 Contact Modeling 

The penalty based automatic surface-to-surface contact was used to model the interaction between 

the UHPC core and steel tube as well as their respective ends with the steel platens. In the 

tangential direction, as the contact between the steel tube and UHPC core is non-cohesive, it is 

modelled via Coulomb friction with a frictional coefficient of 0.6 following the recommendations 

of (Ding et al., 2017; Huang et al., 2020; Wang et al., 2017; Zhang et al., 2020). Using a lower 

value of 0.3 did not produce any noticeable differences in neither the load-carrying capacity, the 

strains, nor the onset of failure demonstrated by the specimens. In contrast, a lower coefficient of 

friction was found to change the location of failure, most noticeable in specimens that experience 

diagonal shear failure. A coefficient of friction of 0.6 was additionally used for the interface 

between the steel platens and the modelled specimens. Hard contact is defined in the normal 

direction through surface-to-surface contact. This prevents penetration between the tube and inner 

core by calculating a force proportional to the depth of penetration. The resulting force is applied 

such that the total forces are equal and opposite, preventing penetration between the two surfaces. 
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All contact cards invoked the SOFT=1 option which considers stability in determining the contact 

stiffness. The parameter SOFSCL=0.005 was utilized in modelling the contact between the ends 

of the concrete core and the steel platens as opposed to the default value of 0.1, as the latter was 

found to overpredict the stiffness of the specimens, particularly near the peak stress.  

 
3.4.3 Steel Material Model 

The steel tubes were modelled using the material card MAT24 

PIECEWISE_LINEAR_PLASTICITY which is an elasto-plastic material model based on the Von 

Mises yield criterion with isotropic hardening. The model allows the user to provide a stress-strain 

curve or automatically generate the curve based on the specified yield strength (𝑭𝒚). It is also 

capable of incorporating the strain rate effect although this is not of interest and not included in 

the current study. The loading plates were assigned one of two material types: MAT20_RIGID or 

MAT01_ELASTIC. MAT01 is an isotropic hypoelastic material model and can be used for solid, 

shell, and beam elements. MAT20 is used to turn a part made up of solid, shell, or beam elements 

into a rigid body which is useful in approximating deformable bodies ((LSTC), 2014). 

Furthermore, elements that are defined as rigid allow for faster computational times, which is the 

primary reason for the use of MAT20 herein. Both material models utilized the same input 

parameters reported in Table 3-3. The plates were defined as rigid in the validation models whereas 

the parametric study used MAT_ELASTIC as it allowed for accurate representation of the 

boundary conditions.  

 
3.4.4 UHPC Material Model  

3.4.4.1 Theory 

The UHPC core was modelled using the Continuous Surface Cap Model (CSCM), available in LS-
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DYNA as MAT159_CSCM. The model was developed by the Federal Highway Administration 

(FHWA) to simulate the dynamic response of normal strength concrete used in roadside safety 

structures (Murray, 2007). It consists of isotropic constitutive equations whereby elasticity is 

modelled through Hooke’s Law using the bulk (𝑲) and shear (𝑮) moduli. The model utilizes a 

plasticity algorithm responsible for setting the initial yield stresses which are defined by a three-

dimensional yield surface. The yield surface consists of both shear and hardening compaction (cap) 

surfaces which are combined in a smooth and continuous manner using a multiplicative 

formulation and thus giving the model its name. Strain softening and stiffness degradation are 

modelled using a damage algorithm incorporated within the CSCM whereas hardening is 

simulated using model-specific hardening parameters. Additionally, the strain rate effect is 

modelled through a viscoplastic rate algorithm. Detailed discussions on the model theory can be 

found in ((LSTC), 2014; Murray, 2007). The CSCM model consists of 45 parameters out of which 

a minimum of 19 require curve fitting of experimental data. As the CSCM model was designed 

for NSC, certain modifications are required to account for the mechanical behaviour of UHPC. 

Several works aimed at calibrating the CSCM model for UHPC exist (Guo et al., 2018; Xu et al., 

2021) which have yielded parameters that correspond to either specific or general 𝒇𝒄 values. 

Through trial and error and by process of elimination, suggested parameters stemming from these 

calibrations were compiled and used in the current study. LS-DYNA additionally contains the 

material model “MAT159_CSCM_ CONCRETE” which was used to simulate the NSC used in 

the parametric study. The material model automatically generates the CSCM parameters for NSC 

based on the given 𝒇𝒄. 

 
3.4.4.2 Input Parameters 

Shear and Bulk Moduli: The CSCM input parameters for shear (𝑮) and bulk (𝑲) moduli are 
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calculated for a given 𝒇𝒄 as follows: 

𝐾 =
( )

                (1) 

𝐺 =
( )

                 (2) 

where Poisson’s ratio (𝜈) is taken as 0.2 (Russell et al., 2013) and the UHPC modulus of elasticity 

(𝐸 ) is calculated using the equation proposed by Graybeal (2006): 

𝐸 = 3837 𝑓   (𝑀𝑃𝑎)                          (3) 

Triaxial Compression Parameters: The triaxial compression (TXC) surface is defined by the four 

strength parameters 𝜶, 𝝀, 𝜷 and 𝜽 which are required for the shear failure and cap surfaces in the 

CSCM model. The results of TXC tests conducted by Williams et al. (2009) were curve fitted by 

Guo et al. (2018) producing four equations to describe each of the TXC parameters for a given 

compressive strength value. The proposed equations presented in Table 3-4 were selected in the 

current study due to their versatility in addition to a reported R-squared (R2) value nearing unity.  

Triaxial Extension and Torsion Parameters: The CSCM employs the Rubin scaling functions 𝑸𝟏 

and 𝑸𝟐 to obtain the torsion (TOR) and triaxial extension (TXE) strengths from the TXC surface. 

In a similar fashion to the TXC surface, four parameters are used to define each of the TOR and 

TXE surfaces, i.e., 𝜶𝟏, 𝝀𝟏, 𝜷𝟏, 𝜽𝟏 and 𝜶𝟐, 𝝀𝟐, 𝜷𝟐, 𝜽𝟐, respectively. In this study, the TOR and TXE 

parameters suggested by Xu et al. (2021) were used, with the exception of 𝜷𝟏 and 𝜷𝟐 which were 

adopted from Guo et al (2018) as they can be determined for a given value of 𝒇𝒄
′. These parameters 

are used to calculate the Rubin scaling functions which change the shape of the yield surface 

according to the concrete’s state of stress.  

Cap, Hardening, and Damage Parameters: The maximum plastic volume compaction (𝑾) was 

set as 0.005 as per the recommendation of Williams et al. (2009). The remaining cap and hardening 
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parameters (𝑿𝟎, 𝑹, 𝑫𝟏 and 𝑫𝟐) used in the study were adopted from the works of Xu et al. (2021) 

and Guo et al. (2018).  Both studies determined identical values for the parameters 𝑫𝟏 and 𝑫𝟐 seen 

in Table 3-4. On the other hand, Guo et al. suggested equations for 𝑿𝟎 and 𝑹 that were compressive 

strength-dependant thus capture the parameters over a range of 𝒇𝒄
′ values. The damage parameters 

of the CSCM model are 𝑩, 𝑫, 𝑮𝑭𝑪, 𝑮𝑭𝑻, 𝑮𝑭𝑺, 𝑷𝑾𝑹𝑪, 𝑷𝑾𝑹𝑻 and 𝑷𝑴𝑶𝑫. Default values 

suggested by the CSCM manual (Murray, 2007) were used for 𝑷𝑾𝑹𝑪, 𝑷𝑾𝑹𝑻 and 𝑷𝑴𝑶𝑫. 

Through trial simulations, it was found that the default value of 100 for the ductile softening 

parameter 𝑩 performed well. The brittle softening parameter, 𝑫, was set to 40 as per the suggestion 

of Xu et al. (2021). Finally, the parameters 𝑮𝑭𝑪, 𝑮𝑭𝑻 and 𝑮𝑭𝑺 are the global fracture energies 

corresponding to uniaxial compression, uniaxial tension, and pure shear respectively. These 

parameters vary and should ideally be adjusted to match the expected stress-strain curves of the 

UHPC specimens. However, if a stress-strain curve is unattainable prior to the numerical analysis, 

the parameters will be unknown. In this study and based on sensitivity analysis comparing 

numerical and experimental stress-strain curves for multiple trials, a GFC of 7-7.5 MPa.mm and 

GFT of 0.2375 MPa.mm yielded reasonable results and thus were used consistently.  

 
3.4.4.3 Confinement  

The confinement effect of the steel tube on the UHPC core is accounted for in the CSCM model 

via the TXC parameters. As mentioned in section 3.4.4.1, the CSCM model employs a yield 

surface formulation which consists of both a shear failure and a hardening cap surface and is 

additionally dependent on the Rubin Scaling Function. All three of these components are 

calculated using the TXC parameters (for further detail, consult (Murray, 2007)). The TXC 

parameters that were curve fitted by Guo et al. (2018) and used in this study were derived from 

TXC tests conducted on UHPC. The resulting fitting equation is a function of the three principal 
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stresses 𝜎 , 𝜎 , and 𝜎 , i.e., the equation encompasses the variation in axial load-carrying capacity 

of UHPC with respect to the lateral confining stresses. By using the least-square method to the 

curve-fitted equation, Guo et al. (2018) suggested equations for each of the four TXC parameters 

as a function of 𝑓 . As such, the confinement effect of UHPC is therefore embedded within the 

concrete material model used herein.  

 
3.4.5 Mesh Size, Loading and Boundary Conditions 

A mesh sensitivity analysis was performed to determine an adequate element size. An aspect ratio 

of 3:4 (cross-sectional x longitudinal) was maintained in the sensitivity analysis keeping all other 

model parameters constant. The element sizes were 5 x 6.7 mm, 7.5 x 10 mm, 10 x 13 mm, and 

15 x 20 mm. A finer mesh resulted in a more refined visualization of failure patterns although the 

computational time required was not justified. A coarser mesh allowed for significantly quicker 

computational time although sacrificing the visual integrity of the failure surface. In the CSCM 

model, peak strength of a specimen is dependent on fracture energy which is a function of element 

characteristic length. This implies that the capacities obtained from the mesh sensitivity analysis 

relied on both element size and fracture energy. It is possible to accommodate for the size 

dependence by determining a suitable GFC for a given characteristic length. To do so, a modified 

form of the fracture energy equation presented by Xu et al. (2021) is required: 

𝐺 = 𝐺                                         (4) 

where 𝐺  is the modified fracture energy corresponding to characteristic length 𝑙′ and 𝐺  is the 

pre-determined fracture energy for the corresponding original characteristic length 𝑙 . The 

resulting fracture energy yields an acceptable load-carrying capacity for a specified element size 

although utilizing it in a mesh sensitivity analysis produces multivariable-dependent results with 
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reduced accuracy relating to size dependence. Thus, in the case of the modified CSCM model, the 

authors recommend that the mesh sensitivity analysis should focus on the computational effort 

required to yield a reasonable peak load-carrying capacity coupled with an acceptable failure 

visualization. For these reasons, an element size of 7.5 x 10 mm was chosen in this study for short 

columns. For slender columns, an element size of 10 x 15 mm produced acceptable results.   

The models utilized displacement-controlled loading applied directly to the centre of the 

loading platen or cylinder. A rate of 4.5 mm/s was chosen based on the results of a rate-sensitivity 

analysis performed on one of the validated specimens. It was observed that a slower loading rate 

(by a factor of 10) would result in a slight increase in stiffness but negligible change in load-

carrying capacity whereas a faster rate (by a factor of 10) would reduce the stiffness and lower the 

load-carrying capacity. The boundary conditions used in the models were selected to remain 

consistent with experimental conditions. The loaded ends of the specimens were allowed to 

translate in the vertical axis in addition to unrestricted rotational freedom, similar to the behaviour 

of swivel heads in loading actuators. The opposite ends of the specimens were restricted from 

translations and rotations in all axes.  

 
3.5 Model Validation 

The modified CSCM model was validated against the experimental references presented in Tables 

3-1 and 3-2. The validations can be classified under four categories: unconfined UHPC, UHPC-

FST stub columns, UHPC-FST intermediate columns and eccentrically loaded UHPC-FSTs. Each 

category examined the ability of the FE model in predicting the load-carrying capacities and failure 

modes reported in the literature over a range of physical and material properties. Furthermore, the 

ability of the model to predict lateral deflections as well as strains at various locations is 

demonstrated in the following sub-sections.  
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3.5.1 Unconfined UHPC 

The unconfined UHPC specimens in Table 3-1 were modelled to verify the accuracy of the CSCM 

in simulating UHPC in the absence of confinement. The experimental stress-strain curves were 

used to determine suitable GFC values to be used in the material model as opposed to the use of a 

constant parameter. Figure 3-2 indicates that the presented FE model correlated very well with the 

stress-strain curves from testing unconfined UHPC specimens and was able to capture various 

aspects such as the linear-elastic region, peak stress, and post-peak performance. The difference 

in peak stress relative to the test value was between 2.76 to 7.88% (Table 3-5). Furthermore, the 

model simulated some of the commonly reported failure modes including diagonal shear, split, 

and crushing/spalling and bulging (Fig. 3-2). Reliable simulation of the unconfined specimens 

allowed the validation to proceed into the modelling of confined UHPC filled steel columns.  

 
3.5.2 UHPC-FST Stub Columns 

The UHPC-FST stub columns that were validated covered a range of values of 𝐷/𝑡, 𝑓  and 𝐹  as 

listed in Table 3-2. Representative samples of FEM vs. experimentally predicted results are 

presented in Fig. 3-3 for multiple specimens, showing the model’s capability in capturing the load 

– deformation behaviour of circular and square UHPC-FST sections in axial compression. Slight 

variations were observed among the predicted stiffnesses and peak loads in which the FEM-based 

peak loads varied from the experimentally reported values by a maximum of 4.5% and 11% for 

cylindrical and square specimens, respectively (Table 3-6). These differences could be a result of 

model limitations such as mesh size and material idealisations, unintended experimental flaws 

such as variations between reported and actual properties or load eccentricities.    

Furthermore, the experimentally reported and FEM-predicted peak capacities were 
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normalized with respect to cross-sectional area and thus taken as stresses (σ). The stresses 

corresponding to the square and circular UHPC-FSTs were plotted against their respective 𝐷/𝑡 

ratios in Fig. 3-4(a) and (b). Both circular and square specimens were noted to have an inflection 

point beyond which the slopes of σ and 𝐷/𝑡 began to change. For square UHPC-FSTs, σ decreases 

sharply up to a 𝐷/𝑡 ratio of 26 followed by an insignificant variation afterword. In contrast, the σ–

(𝐷/𝑡) behaviour for circular specimens shows a small variation up to 𝐷/𝑡 ratio of 29 followed by 

a somewhat sharper decrease afterword. Lastly, Fig. 3-5 demonstrates the failure modes predicted 

by the FE models which resembled those reported in the literature. The experiments conducted by 

Chen et al. (2018) reported failure modes of shear plane, shear plane and cracks and multiple 

bulges. The results showed that the FEM-predicted failure modes in Fig. 3-5 corresponded well 

for both circular and square sections.  

 
3.5.3 UHPC-FST Intermediate Columns 

Three intermediate columns of length 𝐿 = 950 mm were modelled. Figure 3-3(e) and (f) show the 

load versus axial strain of two sample columns whereby axial strain was calculated as the ratio of 

the deflection to the initial column length. Table 3-6 lists the experimentally reported and FEM 

predicted failure loads and shows that the percentage difference between the two is 6.1% or less. 

The failure mode reported for the specimens consisted of a diagonal shear plane roughly at mid-

height of the specimen coupled with bulging at the ends of the shear plane. The same was predicted 

by the FEM models although the locations of the shear planes differed as seen in Fig. 3-6. This 

difference in failure location might be due to slight variation in boundary conditions in the model 

from those in the tests as observed in the sensitivity analysis. 

 
 
 



69 

3.5.4 Eccentrically Loaded UHPC-FSTs 

Three eccentrically loaded UHPC-FSTs (Zhang et al., 2020) were modelled and compared with 

test results. The FE-based load versus lateral deflection (N vs. Δlateral) curves were obtained and 

plotted against the experimental counterparts in Fig. 3-3(g) and (h) for two of the columns. The 

stiffnesses and peak loads predicted by the FEM model resembled those experimentally reported 

although minor variations can be seen in the post-peak response. The predicted peak loads, listed 

in Table 3-6, showed close match with test values and the maximum difference between the two 

was 7.6%. The deformed shapes and failure modes predicted by the FE models are depicted in Fig. 

3-7. The authors in (Zhang et al., 2020) reported the governing failure to be in-plane bending in 

addition to local buckling at mid-height. Additionally, crack formation on the tension flange of the 

specimens were noted. Clearly, there is a strong agreement between the reported and predicted 

modes of failure as evident by the presented results. Furthermore, a plot of axial load versus 

longitudinal strains (tension, compression) at mid-height was produced for all three specimens and 

presented in Fig. 3-8. The results show that the FEM model successfully predicts the load-carrying 

capacity and deformation of eccentrically loaded UHPC-FST columns.       

 
3.6 Parametric Study and Assessment of Current Code Equations  

Following a comprehensive validation of the FE model, a parametric study was completed to 

analyze the behaviour of slender circular UHPC-FST columns and examine how current code 

provisions fare in predicting the performance of these members. A total of 30 specimens were 

modelled for the study. An additional five specimens were created to compare normal strength 

concrete (NSC) and UHPC-FST slender columns. Four key parameters were varied: (𝑘𝐿/𝑟) 

obtained by varying 𝐿 for both 𝑓′ = 150 MPa (i.e. UHPC) and 40 MPa (i.e. NSC), (𝐷/𝑡) ratio, 

effective length factor (𝑘), and (𝑓 ). The parametric study matrix is summarized in Table 3-7. The 
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reference specimen was a circular UHPC-FST of 𝐿 =  3000 𝑚𝑚, outside diameter 𝐷 =

152 𝑚𝑚, 𝑡 = 3.05 𝑚𝑚, 𝐷/𝑡 = 50, 𝑓′ = 150 𝑀𝑃𝑎, and 𝐹 = 400 𝑀𝑃𝑎.  

The current design code equations will also be assessed, namely, clause 18.2.2 of the 

CAN/CSA S16:19 ("CSA S16:19 - Design of Steel Structures," 2019) which are intended for 

estimating the axial load-carrying capacities of normal strength concrete-filled steel tubes (NSC-

FSTs).  This was done by setting the resistance factors 𝜙 and 𝜙  to 1.0 and the UHPC stress block 

factor, 𝛼 , to 0.75. The ratio of sustained to total loads (𝐶 /𝐶 ) was disregarded. Thus, the axial 

load-carrying capacity 𝐶  was calculate as follows: 

𝐶 =  
.  

( )
                 (5) 

where      

𝜏 = 𝜏 = 1.0  (𝐿/𝐷 > 25)      (6) 

𝜏 =        (7) 

𝜌 = 0.02 (25 − 𝐿/𝐷)      (8) 

    𝜏′ = 1 +
. ′

      (9)  

𝜆 =         (10) 

when 𝜆 is set to zero and 𝜏 and 𝜏′equal 1.0: 

𝐶 = 𝐶       (11) 

𝐶 =
( )

      (12) 

𝐸𝐼 = 𝐸𝐼 +
.

/
      (13) 

For UHPC,         𝐸 = 3837 𝑓′           (14) 
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The following sections present the effect of various parameters on axial load-carrying capacity of 

the column along with the overall load-axial displacement response. 

3.6.1 Effect of Slenderness Ratio 

Specimen lengths were varied from 450 to 6000 mm. The columns had pinned-pinned boundary 

conditions resulting in 𝑘 = 1. Maintaining a constant D, (𝑘𝐿/𝐷) ratios varied from 2.95 to 39.4, 

which corresponds to (𝑘𝐿/𝑟) from 12 to 157. A plot of the FE-predicted axial capacities (NFEM) 

against (𝑘𝐿/𝐷) was obtained in Fig. 3-9(a). For UHPC-FSTs and NSC-FSTs, NFEM reduced by 

78% and 71%, respectively, when 𝑘𝐿/𝐷 increased from 2.95 to 39.4.  Figure 3-9(b) shows the 

same results plotted against (𝑘𝐿/𝑟). As expected, a reduction in axial load-carrying capacity is 

observed with increased slenderness. 

Figure 3-10 demonstrates the axial load-deflection behaviour of selected columns whereby 

the general trend observed was a reduction in load-carrying capacity and stiffness associated with 

an increase in column length. Specimens having a length of up to 2250 mm (𝑘𝐿/𝐷 = 14.8 and 

𝑘𝐿/𝑟 = 59) failed by diagonal shear within the vicinity of the loaded end as seen in Fig. 3-11, 

indicating material-driven failure and local buckling of the steel encasing. A progressive reduction 

in load-carrying capacity was followed by a plateau illustrating the ductile potential of UHPC-

FSTs.  

Specimens having 𝐿 = 3000 mm (𝑘𝐿/𝐷 = 19.7 and 𝑘𝐿/𝑟 = 79) or greater were determined 

to have experienced instability failure. The buckling load and failure mode were identified via 

post-processing analysis of the results. The loads sustained by the steel tube and UHPC core were 

observed to increase linearly followed by a sharp drop in load-carrying capacity. The maximum 

stresses that were sustained by each material were lower than the strength parameters that were 

defined in their respective material models. Moreover, the sharp decline in load-carrying capacity 
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was directly associated with visual representation of instability whereby the UHPC-FSTs were 

observed to buckle sideways at approximately mid-height as seen in Fig. 3-12. Notably, up to an 

88% drop in load-carrying capacity post-peak was seen in specimen CS-L3000 in Fig. 3-10. Crack 

formation can be seen along the length of the column centered about the mid-height. The initiation 

of the cracks was observed to occur post buckling which is consistent with post-peak strain 

softening. The cracks were noted to be more densely concentrated around the mid-height of the 

columns for the shorter specimens that experienced buckling (i.e., starting at L = 3000 mm). With 

increase in column length, crack formation occurred over a greater fraction of the total length.   

In Fig. 3-9(b), the FEM predictions of ultimate load-carrying capacity (Nult.) were compared to the 

CAN/CSA S16:19 ("CSA S16:19 - Design of Steel Structures," 2019) code provisions (Crc). The 

figure shows that the Canadian code significantly underestimated axial load-carrying capacity. 

Over the range of slenderness ratios studied, Nult was underestimated by 13 to 46% for UHPC-

FSTs and by 24 to 30% for NSC-FSTs.  

 
3.6.2 Effect of Diameter-to-Thickness Ratio 

Two grades of round HSS are readily available in Canada: ASTM A500 Grade C and CSA G40.20. 

The ASTM A500 round HSS have 𝐷/𝑡 ratios varying from 9.5 to 80 (Construction, 2017) whereas 

those classified as G40.20 vary from 9.5 to 64. Within both grades of round HSS, over 75% of the 

available sections have a 𝐷/𝑡 ratio within the range of 9.5 to 37.5. This is accounted for in the 

parametric study whereby a greater number of specimens fell within this range of values.  

Furthermore, the study is extended to cover specimens with 𝐷/𝑡 of up to 150. Three additional 

specimens having kL/D = 9.84 (CS-L1500-DT37, CS-L1500-DT50, CS-L1500-DT62) were 

modelled. These were later used for the modification of the S16:19 ("CSA S16:19 - Design of 

Steel Structures," 2019) provisions.  Figure 3-13 shows the variation of axial load-carrying 
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capacity with 𝐷/𝑡 ratio, where the load initially reduces rapidly with the increased 𝐷/𝑡 ratio, and 

then reduces at a much lower rate thereafter. 

A comparison of the FE-predicted axial load-carrying capacity and the CSA S16:19 ("CSA 

S16:19 - Design of Steel Structures," 2019) design equation is presented in Fig. 3-13, in relation 

to 𝐷/𝑡.  While the code consistently underestimates the axial strength, the percentage difference 

increases dramatically with 𝐷/𝑡, from 8% at 𝐷/𝑡=10 to 40% at 𝐷/𝑡=80 and remains almost 

constant thereafter, until 𝐷/𝑡=150.  The limits for Class 1 and Class 2 sections CSA S16:19 are 

labelled on Fig. 3-13, where an increase in 𝐷/𝑡 ratio beyond Class 2 has a negligible effect on the 

axial load-carrying capacity of UHPFC-FSTs in both experimental and numerical results.  It should 

be noted that Clause 18.2 of CAN/CSA S16:19 ("CSA S16:19 - Design of Steel Structures," 2019), 

limits 𝐷/𝑡 ratio to 28000/𝐹 , which is also marked on Fig. 3-13, however, in this exercise the 

code predictions were made for the full range of 𝐷/𝑡. 

The axial load-deflection curves for some of the modelled specimens are presented in Fig. 

3-14. For Class 1 sections, it was observed that the specimens retain some of their load-carrying 

capacity beyond failure (post-peak) which is due to the ability of the sections to attain plastic 

behavior. The maximum retained load-carrying capacity, observed immediately post failure, was 

61%. This was true for the specimen having the lowest 𝐷/𝑡 value of 10. With increase in 𝐷/𝑡 

ratio, the immediate post-failure strength as a fraction of the peak load-carrying capacity reduced. 

Furthermore, strain softening follows whereby the strengths of the specimens continue to decrease 

with additional axial deflection. Specimens with 𝐷/𝑡 > 100 exhibited some initial strain hardening 

behaviour which transitioned into strain softening.  

Figure 3-15(a) illustrates the deflected shapes and crack formation in UHPC core of 

selected specimens with varying 𝐷/𝑡 ratio. For 𝐷/𝑡 =10-37.5, an increase in 𝐷/𝑡 was associated 
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with an increase in crack sizes, specifically around the mid-height of the columns. Beyond this 

ratio, the concrete core offers very little resistance. The failure patterns indicate that concrete 

damage has occurred across the entirety of the cross-section with the steel tube being the mere 

contributor to the residual post-peak strength. At 𝐷/𝑡 ratios over 100, the FE model predicted 

much more brittle failure and rapid loss of stability.  

 
3.6.3 Effective Length Factor 

The effective length factor (𝑘) was varied from 0.5 to 2.0 for the same overall nominal length of 

3000 mm. This was accomplished by adjusting the boundary conditions of the specimens to reflect 

the changes in 𝑘. According to their theoretical 𝑘 values, the boundary conditions were fixed-fixed 

(𝑘 =  0.5), fixed-pinned (𝑘 =  0.7), pinned-pinned (𝑘 =  1.0) and cantilever (𝑘 =  2.0). In the 

case of fixed-fixed boundary condition, fixity was provided over a 120 mm length at either end 

resulting in a peak load-carrying capacity of 2879 kN. The fixity length was reduced to 30 mm to 

determine its impact on the axial load-carrying capacity of the specimen, and, was shown to be 

insignificant as it resulted in 2868 kN which was likely due to the very small increase of the clear 

length.  As such, for the fixed-pinned specimen, fixity was applied to a length of 30 mm on one 

side. A comparison between the FEM-predicted capacities and those calculated according to 

S16:19 ("CSA S16:19 - Design of Steel Structures," 2019) is presented in Fig. 3-16. The FE model 

and the prediction by the S16:19 corresponds well with the expected trend of decrease in load-

carrying capacity with an increase in k. However, variance between the code predication and FE 

results vary significantly, from 15% underestimation for 𝑘 =  0.5 to 48% at 𝑘 =  2.0. 

Fig. 3-15(b) demonstrate the deflected shapes and failure patterns in the UHPC core for 

two specimens, with fixed-fixed and cantilevered boundary conditions. In addition to the typical 

mid-height failure, localized stresses were observed at the ends of the fixed-fixed specimen due to 
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the end moment. On the other hand, the cantilevered specimen had multiple cracks near the fixed 

end only which is expected based on their bending moment diagram.  

3.6.4 Effect of Steel Yield Strength 

The effect of tube yield strength on the axial load-carrying capacity of the composite specimen 

was examined by varying 𝐹  from 400 to 800 MPa. Figure 3-17(a) shows that increasing 𝐹  did 

not impact the peak load-carrying capacity of UHPC-FSTs. This behaviour was supported by both 

the FE predictions as well as the S16:19 ("CSA S16:19 - Design of Steel Structures," 2019) design 

code as seen in Table 3-8 and is likely because of the slenderness of the specimens. Due to buckling 

failure at mid-height, the specimens did not develop full load-carrying capacity based on material 

strength. On the other hand, there was an increase in the post-peak strength relative to the increase 

in 𝐹 . Figure 3-17(b) demonstrates this phenomenon in which the contributions of the steel and 

UHPC components of the columns are individually presented for two specimens CS-F600 (𝐹 =600 

MPa) and CS-F800 (𝐹 =800 MPa). This was possible due to a feature available in LS-DYNA 

which displays a variety of forces acting on individual model components. Both specimens 

behaved identically until ultimate despite the differences in 𝐹 . The influence of 𝐹  can be seen 

post-failure. Although both columns exhibited a sudden drop in axial load-carrying capacity, CS-

F800 showed a more gradual drop followed by strain softening in addition to a higher retained 

sectional load-carrying capacity. It is hypothesised that this phenomenon is related to the 

contribution of the steel tube to concrete confinement in compression.    

Figure 3-18 shows the failure modes and deflected shapes of the concrete cores and steel 

tubes of specimens CS-F600 and CS-F800. The figure shows a more localized cracking in concrete 

around the mid-height section of CS-F600 (Fig. 3-18(a)), whereas the core of CS-F800 (Fig. 3-

18(b)) displayed cracks extending farther away from the mid-height section. The stresses 
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developed in the tube of CS-F800 (Fig. 3-18(d)) are larger in magnitude although spread over a 

smaller area in comparison to the tube of CS-F600 (Fig. 3-18(c)). Furthermore, post-processing of 

the model results showed that specimen CS-F800 experienced a more gradual buckling failure 

compared to CS-F600, likely because of the contribution of steel tube in the post-peak region. It 

should be noted that a larger numerical and experimental result database into the effect of yield 

strength is essential before a general conclusion is reached. However, the results and conclusions 

drawn in this section are limited to the specimens investigated in the current work. 

 
3.6.5 Confinement 

To understand whether UHPC confinement by steel tube has occurred, and the mechanism by 

which this occurs, the longitudinal versus hoop strains measured on the steel tube of short 

specimens CS-L450 with UHPC and NSC-450 with NSC are compared in Fig. 3-19. The slope of 

this response is a good indication of confinement.  For the NSC case, the initial slope reflects the 

steel Poisson’s ratio of 0.3.  It then rapidly deviates towards a higher value reflecting an increase 

in hoop strain due to dilation of the concrete core as a result of internal micro crack initiation and 

propagation and activation of confinement (see schematic labeled NSC in Fig. 3-19).  On the other 

hand, the slope of the curve for the UHPC case continues along the same initial slope of steel 

Poisson’s ratio up to a high axial strain of -2010 micro-strain. Then, an abrupt change in response 

is observed, characterized by sudden increase in transverse strain where the response transitions 

to a new slope reflecting the increased hoop strains.  This sudden shift is attributed to the brittle 

diagonal shear failure of the core (Fig. 3-11(a)), where two concrete wedges slide against each 

other diagonally.  This immediately engages the tube as a result of the diametric increase in size 

(see schematic labeled UHPC in Fig. 3-19) and the confinement controls the shear sliding. 

 Also shown in Fig. 3-19 are the strain responses of CS-L1500 and CS-L3000 of 1500 and 
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3000 mm lengths respectively, and of identical cross section to CS-L450.  The figure shows that 

the strain response of both columns continues on the same path of Poisson’s ratio of steel until 

failure, without deviation, suggesting lack of confinement.  Figure 3-11(b) shows the failure mode 

of the 1500 mm column.  It can be seen that diagonal shear failure was localized at the ends, far 

from mid-height. As such the hoop strains at mid-height did not increase as confinement was 

limited to the end sections only, unlike the 450 mm column (Fig. 3-11(a)) where diagonal failure 

spans much of the length. Figure 3-12(a) shows the failure mode of the 3000 mm long column, 

which is governed primarily by flexure and concrete cracking and the small compression zone of 

concrete did not experience confinement. 

    
3.7 Proposed Design Model 

The results of the parametric study were compiled into a single database which was used in the 

determination of a modification to clause 18.2 of the CAN/CSA S16:19 ("CSA S16:19 - Design 

of Steel Structures," 2019). The modification is presented in terms of a magnification factor 𝐶 . 

The methodology by which the modification factor was developed utilized a multiple linear 

regression analysis of the two most influential parameters (𝑘𝐿/𝐷) and (𝐷/𝑡). First, the load-

carrying capacity of UHPC-FSTs was calculated as per the provisions of clause 18.2 of CAN/CSA 

S16:19 ("CSA S16:19 - Design of Steel Structures," 2019). This was done by setting the resistance 

factors 𝜙 and 𝜙  to 1.0 and the UHPC stress block factor, 𝛼 , to 0.75. The ratio of sustained to 

total loads (𝐶 /𝐶 ) was disregarded. Thus, the load-carrying capacity was calculated using Eqs. 5 

to 14.   

As presented earlier in Figs. 3-9, 3-13 and 3-16, the code significantly undermined the 

load-carrying capacity of the parametric cases. The ratio of the CAN/CSA estimates (𝐶 ) to the 

FE predictions (𝑁 ) was calculated for each specimen and presented in Table 3-8. A mean value 
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of 0.74 and a COV of 0.12 were observed. A regression analysis was performed to determine a 

simple relationship between the two variables, 𝑘𝐿/𝐷 and 𝐷/𝑡, and the ratio 𝑁 /𝐶 , which is 

essentially the multiplier 𝐶 , and is expressed in terms of the two parameters as follows: 

𝐶 =  𝑒
. . .       (15) 

The multiplier is applied to Eq. 5 as follows: 

𝐶∗ = 𝐶 .
.  

( )
= 𝑒

. . . .  

( )
   (16) 

Figure 3-20 shows the FE predicted loads 𝑁  versus the modified CSA code predicted loads 

𝐶 𝐶  to check the accuracy of Eq. 16.  The figure shows the results agree within ±10% which 

indicates that the introduced modification to CAN/CSA S16:19 ("CSA S16:19 - Design of Steel 

Structures," 2019) is reliable for a large range and wide variety of parameters examined in the 

parametric study. 

 
3.8 Summary 

Ultra-high performance fiber-reinforced concrete (UHPC)-filled steel tube (UHPC-FST) slender 

columns have not been studied to date, although ample research exists on this system as short 

columns. Furthermore, current code provisions (e.g. CAN/CSA S16) were developed for normal 

strength concrete and are thus potentially inadequate for UHPC-FSTs. In this study, a robust three-

dimensional nonlinear finite element model was developed and validated using LS-DYNA 

software to simulate the behaviour of slender UHPC-FSTs of circular cross-section under 

concentric axial compressive loads. An extensive parametric study was then performed, varying 

slenderness ratio (𝑘𝐿/𝑟) based on column length (𝐿) where 𝑟 is the radius of gyration, diameter-

to-thickness ratio (𝐷/𝑡) of the steel tube, effective length factor (𝑘), and yield strength (𝐹 ).  The 

study showed that axial load-carrying capacity reduced by 78% when slenderness ratio increased 
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from 12 to 157.  The column transitions from material failure by diagonal shear plane in concrete, 

to global buckling at a slenderness ratio of about 80.  Axial load-carrying capacity also reduces 

rapidly with tube diameter-to-thickness until a ratio of about 45 and then reduces at a much lower 

rate thereafter.  CAN/CSA S16 code provisions grossly underestimate the load-carrying capacity 

of slender UHPC-FSTs by 13 to 46% as slenderness ratio increased from 12 to 157.  The 

underestimation also increased dramatically with diameter-to-thickness ratio, from 8% at 𝐷/𝑡=10 

to 40% at 𝐷/𝑡=80, and with effective length factor k, by 15% at 𝑘 =  0.5 to 48% at 𝑘 =  2.0.  A 

modification to CAN/CSA S16:19 equation is proposed based on multiple regression analysis of 

the results of the parametric study. 
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Table 3- 1: Properties of unconfined UHPC specimens used for validation of FE model. 

Author Specimen ID  Shape Dimensions fc
’ 5 (MPa) E 6 (GPa) 

Shafieifar et al. (2017) U140 1 cylinder 75 x 1503 138 60.0 

Naeimi et al. (2021) C3SF2U-3 2 cylinder 75 x 1503 141 26.0 

Hassan et al. (2012) U150 1 cylinder 50 x 1003 150 45.6 

Shafieifar et al. U170 1 cube 50 x 50 x 504 171 54.0 

Naeimi et al. C5SF2U-3 2 cylinder 75 x 1503 183 48.0 

Hoang et al. (2019) SF2-t5.0 2 cylinder 100 x 2003 192 48.5 

1 Specimens were not named in experimental study. The following labeling is given in this study: U140 where U refers 
to “unconfined UHPC” and 140 refers to the compressive strength fc

’ in MPa. 
2 Name is adopted from experimental studies.  
3 Diameter x Length in mm. 
4 Length x Width x Depth in mm.  
5 fc

’ = UHPC compressive strength. 
6 E = Elastic modulus of UHPC.
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Table 3- 2: Properties of UHPC-FST specimens used for validation of FE model. 

Author Specimen ID 1 Shape D 2 or B (mm) t  3 (mm) L 4 (mm) 𝑓  5 (MPa) 𝐿/𝐷 𝐷/𝑡 𝐹  6 (MPa) 

Chen et al. 
(2018) 

CS1-2 

 

113.7 2.06 342 113.2 3.01 55.19 269.0 

CS1-3 113.7 2.05 342 130.8 3.01 55.46 269.0 

CS2-2 114.9 4.01 342 113.2 2.98 28.65 304.3 

CS2-3 114.9 4.01 342 130.8 2.98 28.65 304.3 

CS3-2 107.9 8.01 342 113.2 3.17 13.47 251.8 

CS3-3 107.9 8.03 342 130.8 3.17 13.44 251.8 

 SS1-2  100.4 2.03 300 113.2 2.99 49.46 348.7 

 SS1-3  100.4 2.05 300 130.8 2.99 48.98 348.7 

 SS2-2  100.3 3.83 300 113.2 2.99 26.19 306.7 

 SS2-3  100.4 3.79 300 130.8 2.99 26.49 306.7 

 SS3-2  100.7 7.59 300 113.2 2.98 13.27 371.6 

 
SS3-3  100.7 7.63 300 130.8 2.98 13.20 371.6 

Hoang et al. 
(2019) 

SF2-t50-L1000  152.4 5.00 950 192.4 6.23 30.48 445.9 

SF2-t63-L1000  152.4 6.30 950 187.8 6.23 24.19 373.4 

SF2-t88-L1000  152.4 8.80 950 188.2 6.23 17.32 392.6 

Zhang et al. 
(2020) 

CS4-S-15  152.4 4.24 540 145.9 3.54 35.94 394.4 

CS4-S-30  152.4 4.24 540 145.9 3.54 35.94 394.4 

CS4-L-15  152.4 4.24 1080 145.9 7.09 35.94 394.4 

1 Adopted from experimental studies.  
2 D= diameter, B = side length. 
3 t = section thickness. 
4 L = length. 
5 𝑓  = concrete compressive strength. 
6 𝐹  = tube yield strength
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Table 3- 3: Constitutive inputs for LS-DYNA MAT01 and MAT024 models. 

𝜌 1 (ton/mm3) 𝐸 2 (N/mm2) 𝜈 3 𝐹  4 (N/mm2) 𝐸  5 (N/mm2) 

7.8E-09 2.00E05 0.3 Specimen-dependent 1.0 

1 𝜌 = Density  
2 E = Elastic modulus of steel. 
3 𝜈  = Poisson’s ratio  
4 𝐹 = Yield strength of steel. 
5 𝐸  = Tangent modulus of elasticity of steel. 
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Table 3- 4: CSCM model parameters used for UHPC core. 

Triaxial Compression (TXC) Surface 

𝛼 −2.381 𝑥 10  𝑓 + 0.8064 𝑓 + 21.78 (𝑀𝑃𝑎) 

𝜆 8.333 𝑥 10  𝑓 + 0.7168 𝑓 + 18.8 (𝑀𝑃𝑎) 
𝛽 5.381 𝑥 10  𝑓 − 3.187 𝑥 10  𝑓 + 6.926 𝑥 10  (𝑀𝑃𝑎 ) 

𝜃 −2.381 𝑥 10  𝑓 + 1.357 𝑥 10  𝑓 + 0.1306 

Triaxial Extension (TXE) Surface 

𝛼  0.94 

𝜆  0.44 

𝛽  4.689 𝑥 10  𝑓 − 2.258 𝑥 10  𝑓 + 3.476 𝑥 10  (𝑀𝑃𝑎 ) 
𝜃  0 

Torsion (TOR) Surface  

𝛼  1.0 

𝜆  0.4226 

𝛽  4.689 𝑥 10  𝑓 − 2.258 𝑥 10  𝑓 + 3.476 𝑥 10  (𝑀𝑃𝑎 ) 

𝜃  0 

Cap and Hardening  

𝑋  0.0204 𝑓 − 1.232 𝑥 𝑓 + 104.78 (𝑀𝑃𝑎) 𝐷  2.825 𝑥 10  𝑀𝑃𝑎  

𝑅 5.024 𝑥 10  𝑓 − 0.1429 𝑓 + 12.88 𝐷  3.352 𝑥 10  𝑀𝑃𝑎  

𝑊 0.005   

Damage 

𝐵 100 𝑃𝑊𝑅𝐶 5 

𝐷 40 𝑃𝑊𝑅𝑇 1 

𝐺𝐹𝑆 0.2375 (𝑀𝑃𝑎. 𝑚𝑚) 𝑃𝑀𝑂𝐷 3 

𝐺𝐹𝑇  0.2375 (𝑀𝑃𝑎. 𝑚𝑚)   

Strain Rate 

𝜂  1.83 𝑥 10  𝑂𝑣𝑒𝑟𝑐 76.25 

𝑁  0.504 𝑂𝑣𝑒𝑟𝑡 20.00 

𝜂  1.76 𝑥 10  𝑆𝑟𝑎𝑡𝑒 1.0 

𝑁  0.56 𝑅𝑒𝑝𝑜𝑤 0.50 
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Table 3- 5: Peak stress comparisons from tests and FE models, for unconfined UHPC 

specimens. 

Author Specimen  𝜎  3 (MPa) 𝜎  4 (MPa) % Difference E 5 (GPa) 

Shafieifar et al. U140 1 145 141 2.76% 60.0 

Naeimi et al. C3SF2U-3 2 140 135 3.57% 26.0 

Hassan et al. U150 1 150 150 3.33% 45.6 

Shafieifar et al. U170 1 165 178 7.88% 54.0 

Naeimi et al. C5SF2U-3 2 177 184 3.95% 48.0 

Hoang et al. SF2-t5.0 2 194 203 4.64% 48.5 

1 Specimens were not named in experimental study. The following labeling is given in this study: U140 where U 
refers to “unconfined UHPC” and 140 refers to the compressive strength fc

’ in MPa. 
2 Name is adopted from experimental studies.  
3 𝜎  = Experimentally determined stresses. 
4 𝜎  = Finite element determined stresses. 
5 𝐸 = Modulus of elasticity of UHPC. 
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Table 3- 6: Peak load comparisons from tests and FE models, for UHPC-FST specimens 

Author Specimen ID e 1 
(mm) 

𝑓  2 
(MPa) 

NEXP 
3

 

(kN) 
Nult 4 

(kN) 
% 
Diff. 

Chen et al. 
(2018) 

CS1-2 0 113.2 1502 1421 1.06 

CS1-3 0 130.8 1534 1487 1.03 

CS2-2 0 113.2 1635 1567 1.04 

CS2-3 0 130.8 1753 1786 0.98 

CS3-2 0 113.2 1471 1537 0.96 

CS3-3 0 130.8 1617 1605 1.01 

SS1-2 0 113.2 1406 1330 1.06 

SS1-3 0 130.8 1567 1674 0.94 

SS2-2 0 113.2 1541 1370 1.12 

SS2-3 0 130.8 1681 1723 0.98 

SS3-2 0 113.2 1887 1789 1.05 

SS3-3 0 130.8 2047 1986 1.03 

Hoang et al. 
(2019) 

SF2-t50-L1000 0 192.4 4005 4060 0.99 

SF2-t63-L1000 0 187.8 3588 3370 1.06 

SF2-t88-L1000 0 188.2 4087 4301 0.95 

Zhang et al. 
(2020) 

CS4-S-15 15 145.9 1137 1210 0.94 

CS4-S-30 30 145.9 772 831 0.93 

CS4-L-15 15 145.9 913 876 1.04 

1 e = Loading eccentricity from centroid. 
2 𝑓  = Concrete compressive strength. 
3 𝑁  = Experimentally determined peak loads. 
4 𝑁  = Finite element determined peak loads. 
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Table 3- 7: List of specimens and corresponding parameters varied in the parametric study. 

 
Specimen 

 
Concrete 

Length 
(L) 
(m) 

Outer 
diam. (Do) 

(mm) 

Thickness 
t (mm) 

Yield 
strength 

Fy (MPa) 

Effective 
length 

factor K 

 
L/D 

 
D/t 

 
KL/r 

CS-L4501  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

UHPC 
𝑓 = 150 

MPa 

450  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

152.4 

 
 
 
 
 

3.05 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

400 

 
 
 
 
 
 
 
 
 
 
 
 
 

1.0 
 
 
 

2.95  
 
 
 
 

50.0 

12 

CS-L1500 1500 9.84 39 

CS-L2250 2250 14.76 59 

CS-L3000 3000 19.69 79 

CS-L3750 3750 24.61 98 

CS-L4500 4500 29.52 118 

CS-L5250 5250 34.45 138 

CS-L6000 6000 39.37 157 

CS-L1500-DT37  

1500 

4.06 

9.84 

37.5  
39 CS-L1500-DT50 3.05 50.0 

CS-L1500-DT62 2.44 62.5 

CS-L3000-DT10 

3000 

15.24  
 
 
 
 
 
 
 
 
 
 
 
 

19.69 

10.0  
 
 
 
 
 
 
 

79 

CS-L3000-DT12 12.19 12.5 

CS-L3000-DT15 10.16 15.0 

CS-L3000-DT17 8.71 17.5 

CS-L3000-DT25 6.70 25.0 

CS-L3000-DT30 5.08 30.0 

CS-L3000-DT37 4.06 37.5 

CS-L3000-DT50 3.05 50.0 

CS-L3000-DT62 2.44 62.5 

CS-L3000-DT80 1.91 80.0 

CS-L3000-DT100 1.52 100.0 

CS-L3000-DT125 1.22 125.0 

CS-L3000-DT150 1.02 150.0 

CS-K202  
 
 
 
 
 
 
 

3.05 

2.0  
 
 
 
 
 
 

50.0 

157 

CS-K10 1.0 79 

CS-K07 2970 0.7 55 

CS-K05 2760 0.5 39 

CS-F6003 

3000 
600  

 
 
 
 

1.0 

 
79 CS-F800 800 

NSC-L4504  
 

NSC 
𝑓  = 40 

MPa 

450  
 
 

400 

2.95 12 

NSC-L1500 1500 9.84 39 

NSC-L3000 3000 19.69 79 

NSC-L4500 4500 29.52 118 

NSC-L6000 6000 39.37 157 

1 Nomenclature used corresponds to, for example: CS-L3000-DT100 indicates a circular section of length L = 3000 mm 
having 𝐷/𝑡 = 100.  
2 CS-K20 indicates an effective length factor of K = 2.0 
3 CS-F600 indicates a yield strength Fy = 600 MPa. 
4 NSC-L450 indicates Normal strength Concrete fill and L = 450 mm. 
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Table 3- 8: Ultimate capacity for UHPC-FSTs and NSC-FSTs from parametric study 

Specimen ID Concrete 𝑘𝐿  

𝐷
 

𝐷 

𝑡
 

NCSA 
1  

(kN) 
NFEA 

2 
(kN) 

NCSA / NFEA NCSA
* 3 

(kN) 
NCSA

*/NFEA 

CS-L450  2.95 50.00 2845 3210 0.89 3034 0.95 

CS-L1500  9.84 50.00 2373 2726 0.87 2806 1.03 

CS-L2250  14.76 50.00 1804 2408 0.75 2297 0.95 

CS-L3000  19.69 50.00 1281 1930 0.66 1756 0.91 

CS-L3750  24.61 50.00 908 1310 0.69 1341 1.02 

CS-L4500  29.52 50.00 661 931 0.71 1050 1.13 

CS-L5250  34.45 50.00 497 773 0.64 849 1.10 

CS-L6000  39.37 50.00 385 713 0.54 709 0.99 

CS-L3000-DT10  19.69 10.00 2614 2832 0.92 3177 1.12 

CS-L3000-DT12  19.69 12.50 2347 2644 0.89 2875 1.09 

CS-L3000-DT15  19.69 15.00 2150 2508 0.86 2654 1.06 

CS-L3000-DT17  19.69 17.50 1999 2462 0.81 2485 1.01 

CS-L3000-DT25  19.69 25.00 1697 2243 0.76 2158 0.96 

CS-L3000-DT30  19.69 30.00 1568 2186 0.72 2024 0.93 

CS-L3000-DT37 UHPC 19.69 37.50 1429 2035 0.70 1887 0.93 

CS-L3000-DT50  19.69 50.00 1281 1930 0.66 1756 0.91 

CS-L3000-DT62  19.69 62.50 1186 1871 0.63 1688 0.90 

CS-L3000-DT80  19.69 80.00 1098 1815 0.60 1647 0.91 

CS-L3000-DT100  19.69 100.00 1033 1757 0.59 1645 0.94 

CS-L3000-DT125  19.69 125.00 979 1630 0.60 1680 1.03 

CS-L3000-DT150  19.69 150.00 942 1548 0.61 1742 1.13 

CS-L1500-DT37  9.84 37.50 2566 2694 0.95 2923 1.08 

CS-L1500-DT50  9.84 50.00 2373 2726 0.87 2806 1.03 

CS-L1500-DT62  9.84 62.50 2250 2527 0.89 2763 1.09 

CS-K05  19.69 50.00 2451 2879 0.85 2864 0.99 

CS-K07  19.69 50.00 1938 2190 0.88 2426 1.11 

CS-K10  19.69 50.00 1261 1930 0.66 1756 0.91 

CS-K20  19.69 50.00 385 743 0.52 709 0.95 

CS-F600  19.69 50.00 1320 1951 0.68 1809 0.93 

CS-F800  19.69 50.00 1352 1952 0.69 1852 0.95 

Mean Value (MV) 0.74  1.00  

Coefficient of Variance (COV) 0.12  0.08 

NSC-L450  2.95 50.00 1064 1410 0.75 - - 

NSC-L1500  9.84 50.00 1009 1322 0.76 - - 

NSC-L3000 NSC 19.69 50.00 782 1045 0.75 - - 

NSC-L4500  29.53 50.00 491 696 0.71 - - 

NSC-L6000  39.37 50.00 305 403 0.76 - - 

1 NCSA = Ultimate strength using CSA S16:19 Clause 18.2  2 NFEA = FEA-predicted ultimate strength 
3 NCSA

*
 = Ultimate strength predicted by modified CSA S16:19 Clause 18.2 
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Figure 3- 1: Schematics of the finite element model for UHPC-FST columns. 
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a) 𝑓 = 138 𝑀𝑃𝑎 (Shafieifar et al., 2017) b) 𝑓 = 150 𝑀𝑃𝑎 (Hassan et al., 2012) 

 

 
 

c) 𝑓 = 171 𝑀𝑃𝑎 (Shafieifar et al., 2017) d) 𝑓 = 183 𝑀𝑃𝑎 (Naeimi & Moustafa, 2021) 

Figure 3-2: Axial stress vs. strain curves and failure modes from tests and FE models, for 

unconfined UHPC specimens. 
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         (a) Circular specimen with 𝐷/𝑡 = 28 and 𝑓  = 113 MPa  (b) Circular specimen with 𝐷/𝑡 = 13 and 𝑓  = 130 MPa 

  
         (c) Square specimen with 𝐷/𝑡 = 13 and 𝑓 = 113 MPa (d) Square specimen with 𝐷/𝑡 = 49 and 𝑓  = 130 MPa  

  
         (e) 𝐷/𝑡 = 30 and 𝐿 = 950 mm       (f) /𝑡 = 13 and 𝐿 = 950 mm  

  
          (g) e = 30mm and 𝐿 = 540 mm        (h) e = 15mm and 𝐿 = 1080 mm  

Figure 3-3: Experimental and FE comparisons of load (N) vs. axial deformation (Δ ), axial 

strain, and lateral deformation (Δ ) curves for UHPC-FST Columns. 
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(a) (b) 

Figure 3-4: Variation of experimental and FEM-predicted peak stress capacity with respect to 

D/t ratio for (a) square UHPC-FSTs, (b) circular UHPC-FSTs. 
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CS1-2 CS2-2 CS3-3 CS2-3 

    
SS1-2 SS2-3 SS3-3 SS2-2 (Steel) 

 
Reported failure modes by Chen et al. (Chen et al., 2018) for circular and square UHPC-FSTs  

Figure 3-5: FE predicted vs. experimentally reported failure modes and deflected shapes for 

sample set of specimens. 
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SF2T50L1000 SF2T88L1000 

  
Experimentally reported failure modes (Le Hoang et al., 

2019) 

Figure 3-6: FE predicted vs. experimentally reported failure modes for concentrically loaded 

intermediate length column (L = 950 mm) 
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CS4-S-30 

(L = 540 mm, e = 30 mm) 
CS4-S-15 

(L = 540 mm, e = 15 mm) 

 
CS4-L-15 

(L = 1080 mm, e = 15 mm) 

Figure 3-7: FE predicted vs. experimentally reported (Zhang et al., 2020) failure modes and 

deflected shapes observed for eccentrically loaded specimens 
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Figure 3-8: Axial load (N) vs. longitudinal strains (με) at mid-height for the eccentrically loaded 

specimens 
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                 (a) 

 

   (b) 

Figure 3-9: Predicted axial capacity (Nult) vs. (a) effective length-to-diameter ratio (kL/D) and 

(b) slenderness ratio 
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Figure 3-10: Axial capacity (N) vs. axial deflection for UHPC-FSTs having length L between 
450 mm and 6000 mm (kL/D = 3 to 39). 

 
 

L = 450 mm

L = 1500 mm

L = 3000 mm

L = 4500 mm

L = 6000 mm

L = 2250 mm

0

500

1000

1500

2000

2500

3000

3500

0 2 4 6 8 10 12 14

N
 (

kN
)

Δaxial (mm)



98 

  

(a) CS-L450 (b) CS-L1500 

Figure 3-11: Failure patterns observed in specimens experiencing diagonal shear failure near the 
loaded end. 
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(a) CS-L3000 (b) CS-L4500 

Figure 3-12: Failure mode observed in specimens experiencing stability-induced failure. 
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Figure 3-13: Comparison of FE and CAN/CSA S16-19 predictions for axial capacity of UHPC-

FSTs various D/t ratio. 

 

 

Figure 3-14: Axial load vs. deflection behaviour observed by varying the diameter-to-thickness 

ratio between D/t = 10 and 100 
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CS-L3000-DT37.5 CS-L3000-DT80 CS-L3000-DT125 CS-K05 CS-K20 

(a) Effect of D/t (b) Effect of k 
 

Figure 3-15: Failure pattern and crack formation observed in UHPC core, for L = 3000 mm: (a) 

effect of D/t = 37.5, 80 and 125 and (b) Effect of k = 0.5 and 2.0 

 

Figure 3-16: Comparison of FEM and CAN/CSA S16-19 predictions for the axial capacity of 

UHPC-FSTs of varying the effective length factor (k) 
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a)  

b)  

Figure 3-17: a) FE-predicted axial load-deflection (N-Δ) for specimens with 𝐹  between 400 and 

800 MPa, b) contribution of the concrete and steel components. 
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(a) Concrete Core  
(CS-F600) 

(b) Concrete Core  
(CS-F800) 

(c) Steel Tube  
(CS-F600) 

(d) Steel Tube  
(CS-F800) 

 

Figure 3-18: Failure mode and deflected shape of concrete core for Fy = 600 and 800 MPa 
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Figure 3-19: Plot of hoop vs. longitudinal strains (με) on steel tubes for columns of different 

lengths and concrete types 

 

 

Figure 3-20: Variation of modified CSA code prediction and the FE predicted axial strength 
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Chapter 4 

Conclusions 

 
4.1 Behavior of Axially Loaded UHPC-Filled Double Skin Tubular Columns 

The first manuscript of this thesis investigated the behaviour of ultra-high performance concrete 

(UHPC)-filled double skin columns (UHPC-FDSTs) in axial compression. The effects of the outer 

steel tube thickness and concrete wall thickness on axial strength were studied. The UHPC-filled 

tubes were compared to normal strength and high strength concrete (NSC and HSC) filled tubes.  

The results of the experimental tests were compared with the current provisions of the CSA S16:19 

Canadian code to assess the applicability of code equations. Finally, a nonlinear finite element 

model was developed to provide further insights into the progression of failure and assess the 

concrete confinement.  The following conclusions are drawn:  

1. Failure occurred by outwards local buckling of the outer tube in the form of bulging at one end 

of the column (elephant foot type) and possibly in other locations along the height.  The inner 

tubes buckled inwards. In many cases, diagonal shear failure occurred in the UHPC core, as 

reflected by the bulging patterns of the outer tube. 

2. UHPC did not benefit from steel tube confinement. For totally filled tubes, confined strength 

ratio (𝑓 /𝑓 ) was less than 1.0 (0.65-0.75), while for NSC specimens was 1.1-1.25 and for HSC 

was 0.95-1.15. The reason for the low (𝑓 /𝑓 ) in UHPC is local buckling of the tube which 

occurs before the core attains 𝑓  as well as the eccentricity that occurs from the non-

axisymmetric tube buckling. 

3. The steel tube restrains sliding along the diagonal fracture plane of the UHPC core as evident 

by measured hoop tensile strains higher than the Poisson’s ratio effect. These hoop tensile 
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strains can not be attributed to the regular confinement mechanism based on dilation because 

the measured (𝑓 /𝑓 ) ratio was less than 1.0. 

4. Although the average concrete stress at peak load (𝑓 ) is lower than 𝑓 , the finite element model 

revealed that the concrete adjacent to the inner and outer tubes experience localized 

confinement. For example, in a specimen with a 0.7 inner-to-outer diameter ratio and 𝐷 /𝑡  = 

72, the localized (𝑓 /𝑓 ) ratio reached 1.33, while the average (𝑓 /𝑓 ) ratio was 0.65. 

5. Generally, the post-peak load drop increases with the increase of concrete compressive strength 

(𝑓 ) and the outer tube diameter-to-thickness (𝐷 /𝑡 ) ratio. 

6. The peak load of UHPC-FDSTs reduced nonlinearly with 𝐷 /𝑡 , initially by 5-7% as 𝐷 /𝑡  

increase from 32 to 48 (i.e. a transition from class 1 to class 2 section), then at a slightly lower 

rate of 4-5% between 𝐷 /𝑡  of 48 and 72.  These reductions are not much affected by inner-to-

outer tube diameter ratio.  For UHPC totally filled tubes, the reduction is more significant, 15% 

between 𝐷 /𝑡  of 32 and 48, and 6% between 48 and 72. 

7. As the inner-to-outer diameter ratio of the UHPC core increased from zero to 0.7 (i.e. a 50% 

reduction in UHPC volume), axial strength reduced by 20 and 28% for 𝐷 /𝑡  = 72 and 32, 

respectively. This reduction can be recovered by using thicker outer tubes combined with the 

inner tubes. 

8. The UHPC (140 MPa) filled UHPC-FDST having the thinnest outer tube (𝐷 /𝑡  = 72) and 

largest inner void ratio (0.7) achieved equivalent axial strength to the NSC (41 MPa) totally 

filled thickest tube (𝐷 /𝑡  = 32). 

9. The Canadian CSA S16:19 code provisions greatly overestimate axial strength of UHPC filled 

steel tubes and double-skinned tubes, by 12-56%, with an average of 37%.  Based on multiple 

regression analysis, an expression for a UHPC modification factor was introduced to the code 
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equation and led to a conservative estimate of axial strength, with less than 15% difference from 

experimental results. 

 
4.2 Axial Compressive Strength of Slender UHPC-Filled Steel Tubes 

There is a lack of research on the behaviour of slender UHPC-FST columns. Furthermore, the 

current Canadian design provisions (CAN/CSA S16:19) on composite structures are developed for 

normal strength concrete (NSC).  In the second manuscript of this thesis, a robust non-linear FE 

model was developed using LS-DYNA computer program in which the Continuous Surface Cap 

Model was used to simulate UHPC. The model was verified against a comprehensive database 

from literature and then used to undertake a parametric study to investigate the influence of a wide 

range of parameters on the behavior and axial strength of slender UHPC-FSTs. Four key 

parameters were varied: slenderness ratio (𝑘𝐿/𝑟) varying the specimen length 𝐿 for both UHPC-

FSTs (with 𝑓 = 150 MPa) and NSC- FSTs (with 𝑓 = 40 MPa), diameter-to-thickness ratio 

(𝐷/𝑡), effective length factor (𝑘), and steel yield strength (𝐹 ). The following conclusions are 

drawn: 

1. The FE model was able to predict accurately axial strengths of UHPC-FST columns with 

maximum deviations from experimental results ranging from 4.5% for circular stub 

columns, to 11% for the square stub columns. It also captures well multiple behavioral 

aspects including load-strain and load-lateral deflection responses, and multiple failure 

modes such as concrete shearing and crushing, steel tube yielding and wrinkling, and 

column buckling of slender members.   

2. For UHPC-FSTs and NSC-FSTs, the axial strength reduced by 78% and 71%, respectively, 

when 𝑘𝐿/𝑟 increased from 12 to 157.  The column transitions from material failure, 

characterized by the formation of a diagonal shear plane in concrete, to stability failure in 
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the form of buckling about the mid-height of the specimen. This transition appears to occur 

at 𝑘𝐿/𝑟 of about 80.  

3. The 𝐷/𝑡 ratio has a significant impact on the axial strength of slender UHPC-FSTs.  

Initially, the strength reduces rapidly, until 𝐷/𝑡 of about 45 (Class 2 limit of the code) and 

then reduces at a much lower rate thereafter. Class 1 sections (𝐷/𝑡 < 33) demonstrated 

higher post-peak strengths with strain softening due to their ability to behave plastically.  

4. The use of higher yield strength steel sections does not improve the peak load-carrying 

capacity of slender UHPC-FSTs. However, for the same D/t, a larger 𝐹  results in strain-

softening and residual post-peak capacity.  

5. Unlike NSC-FSTs, confinement effect in UHPC-FSTs is delayed and is not due to dilation 

of the concrete core.  Instead, it occurs once diagonal shear failure of the core happens. As 

the concrete sections slide against each other, this causes a diametric increase in size which 

engages the tube in a confinement mechanism. This effect happens only at low 𝑘𝐿/𝑟 as 

sections of higher slenderness demonstrated global instability failure prior to the attainment 

of sufficient load-carrying capacity that would result in confinement. 

6. The current CAN/CSA S16:19 code provisions grossly underestimate the strength of 

slender UHPC-FSTs and the diversion increased significantly with 𝑘𝐿/𝑟, where axial 

strength was underestimated by 13 to 46% as 𝑘𝐿/𝑟 increased from 12 to 157.  The 

underestimation also increased dramatically with 𝐷/𝑡, from 8% at 𝐷/𝑡=10 to 40% at 

𝐷/𝑡=80, and remained almost constant thereafter, until 𝐷/𝑡=150.  The code prediction was 

also affected by length factor k, where it underestimated strength by 15% at 𝑘 =  0.5 to 

48% at 𝑘 =  2.0.  For NSC-FSTs, the code was also conservative and underestimated 

strength by 24 to 30%, which is not as severe of a change with 𝑘𝐿/𝑟 as in UHPC-FSTs. 
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7. A modification to the CAN/CSA S16:19 is proposed to account for the use of UHPC 

composite columns. The modification, in the form of a magnification factor (𝐶 ), was 

derived from multilinear regression of the parametric study results and was a function of 

(𝑘𝐿/𝐷) and (𝐷/𝑡) ratios. 
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Appendix A 

Standard Deviations of Experimental Test Results 

Table A- 1: Standard deviations of axially loaded UHPC-FDST, UHPC-FST, HSC-FST, and 

NSC-FST short columns 

Specimen ID  𝑋 1 𝑃 2 (kN) 𝑃 ,
3 (MPa) Standard Deviation (MPa) 

CS6188-UHPC 0.000 2665.4 - - 

CS6188-2-1 0.356 2329.4 

2255.0 74.8 CS6188-2-2 0.356 2255.6 

CS6188-2-3 0.356 2179.9 

CS6188-3-1 0.533 1989.5 - - 

CS6188-4-1 0.711 1936.7 
1930.2 9.2 

CS6188-4-2 0.711 1923.7 

CS6125-UHPC-1 0.000 2289.1 

2259 38.9 CS6125-UHPC-2 0.000 2215.1 

CS6125-UHPC-3 0.000 2272.8 

CS6125-2-1 0.348 2106.7 
2047.4 83.9 

CS6125-2-2 0.348 1988.1 

CS6125-3-1 0.522 1773.7 

1896.6 107.3 CS6125-3-2 0.522 1944.5 

CS6125-3-3 0.522 1971.5 

CS6125-4-1 0.696 1789.7 - - 

CS6083-UHPC 0.000 2111.6 - - 

CS6083-2-1 0.343 2068.7 - - 

CS6083-3-1 0.514 1912.4 
1828.3 119 

CS6083-3-2 0.514 1744.1 

CS6083-4-1 0.686 1662.5 

1694.5 29.4 CS6083-4-2 0.686 1720.4 

CS6083-4-3 0.686 1700.5 

CS6188-NSC-1 0.000 1656.6 

1690.3 29.4 CS6188-NSC-2 0.000 1710.6 

CS6188-NSC-3 0.000 1703.8 

CS6125-NSC-1 0.000 1332.2 
1312.4 28.0 

CS6125-NSC-2 0.000 1292.5 

CS6083-NSC-1 0.000 1281.5 
1256.8 35.0 

CS6083-NSC-2 0.000 1232.0 

CS6188-HSC-1 0.000 2049.4 
2058.5 12.9 

CS6188-HSC-2 0.000 2067.6 

CS6125-HSC-1 0.000 1839.0 
1827.0 17.0 

CS6125-HSC-2 0.000 1814.9 

CS6083-HSC-1 0.000 1672.9 
1754.9 73.3 

CS6083-HSC-2 0.000 1814.2 
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CS6083-HSC-3 0.000 1777.6 

1 𝑋 = Hollow section ratio 
2 𝑃  = Test ultimate strength of CFST 
3 𝑃 ,  = Average test ultimate strength of CFST 

 


