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Abstract 

A series of tests was conducted to investigate the web crippling behaviour of cold-formed 

lean duplex stainless steel (LDSS) tubular sections. The LDSS had two grades, including EN 

1.4062 and EN 1.4162. The tests were performed under three different conditions of 

concentrated end bearing loads, namely, the loading conditions of End-One-Flange (EOF), the 

End-Two-Flange (ETF) and end loading (EL). The loading conditions of EOF and ETF are 

specified in the American and Australian/New Zealand cold-formed stainless steel design 

specifications, while the loading condition of EL simulated the floor joist members positioned 

on a solid foundation under concentrated end bearing load. The test specimens were mainly 

failed by web crippling. The test strengths were compared with the predicted strengths that 

calculated by the stainless steel design specifications, including the American Society of Civil 

Engineers (ASCE) Specification, Australian/New Zealand Standard (AS/NZS) and European 

Code (EC). In addition, the web crippling strengths predicted by the North American 

Specification (NAS) for cold-formed carbon steel structures and using the design equations 

proposed in the literature for cold-formed duplex stainless steel tubular sections were also 

compared with the test strengths. It was found that the predicted strengths calculated by the 

ASCE, AS/NZS and EC specifications are conservative and reliable for LDSS sections under 

the three different concentrated end bearing loads. The predictions by NAS and proposed 

equations in the literature are generally less conservative compared with those by ASCE, 

AS/NZS and EC. However, the predictions by NAS are found to be unconservative and not 

reliable for the loading condition of ETF. 
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1. Introduction 

Lean duplex stainless steel (LDSS), including grades EN 1.4062 and EN 1.4162, is a rela-

tively new material, and has recently gained significant attention in construction industry due 

to its exceptional mechanical properties, good corrosion resistance and lower cost compare to 

its counterpart of duplex stainless steel type. The material cost of stainless steel is sensitive to 

the alloy content, in particular the level of nickel [1]. LDSS only contains approximately 

1.5% of nickel (Ni) compared to 5-8% in duplex stainless steel and 8-10% in austenitic 

stainless steel. Hence, the cost of LDSS is reduced significantly compared with duplex 

stainless steel grades, due to the lower nickel content. In the past few years, significant 

progress has been made on the behaviour of LDSS structural members, including material 

properties [2], beams [1, 3-4], columns [1, 5-7], beam-columns [8-9], plate girders [10-11], as 

well as single shear [12-14] and double shear bolted connections [12, 15].  

 

Webs of steel tubular sections may cripple under high concentrated bearing loads. This is 

because it is not easy to stiffen the webs of steel tubular sections. Therefore, web crippling 

strength should be checked carefully if the steel tubular sections were under concentrated 

bearing loads. Research on web crippling failure of cold-formed stainless steel lipped channel 

sections were conducted by Korvink and van den Berg [16] and Korvink et al. [17]. The 

tubular sections were then tested by Talja and Salmi [18] and Gardner et al. [19], in which the 

sections were cold-formed from austenitic stainless steel. Zhou and Young [20-22] conducted 

a series of tests on web crippling of cold-formed stainless steel tubular sections, including 

austenitic stainless steel under loading conditions of End-Two-Flange (ETF) and Interior-

Two-Flange (ITF) [20], duplex stainless steel under loading conditions of End-One-Flange 

(EOF), Interior-One-Flange (IOF), ETF and ITF [21] as well as austenitic and duplex 

stainless steel under end loading (EL) and interior loading (IL) [22]. Recently, the tubular 

sections of cold-formed ferritic stainless steel that subjected to web crippling were 

investigated by Bock et al. [23] and Li and Young [24]. However, there is presently no 

experimental investigation on the web crippling behaviour of cold-formed LDSS tubular 

sections under concentrated bearing loads. 

 

The web crippling design rules are specified in the current international stainless steel 

specifications, i.e., American Society of Civil Engineers (ASCE) Specification [25], 

Australian/ New Zealand Standard (AS/NZS) [26] and European Code (EC3-1.4) [27]. 

However, these design rules for stainless steel members are mainly adopted from those of 

carbon steel members [20]. In addition, the cold-formed LDSS is not included in the current 



ASCE [25] and AS/NZS [26] stainless steel design specifications, while it was recently 

introduced in the EC3-1.4 code [27]. It should be noted that EC3-1.4 [27] does not have 

specific design rules for web crippling of stainless steel sections and may refer to those 

specified in the EC3-1.3 [28]. In this study, a series of tests was conducted to investigate the 

web crippling behaviour of LDSS tubular sections under concentrated end bearing loads. 

 

Totally 50 tests on cold-formed LDSS tubular members were conducted. The LDSS members 

including EN 1.4062 and EN 1.4162, had square and rectangular hollow sections. The 

sections were subjected to three different concentrated end bearing loads, namely, loading 

conditions of the End-One-Flange (EOF), ETF and EL. The loading conditions of EOF and 

ETF are specified in the ASCE [25] and AS/NZS [26] specifications, while the loading 

condition of EL simulated the floor joist members under concentrated bearing load. The 

strengths obtained from the tests were compared with the predicted strengths calculated using 

the ASCE [25], AS/NZS [26] and EC3-1.4 [27] stainless steel specifications. In addition, the 

web crippling strengths predicted by the North American Specification (NAS) [29] for cold-

formed carbon steel structures and using the design equations proposed by Zhou and Young 

[30] for cold-formed duplex stainless steel tubular sections were also compared with the test 

strengths. The reliability of the aforementioned web crippling design provisions was assessed 

by reliability analysis.  

 

2. Experimental investigation 

2.1. Test specimens and bearing plates 

Totally 50 cold-formed LDSS tubular members of square and rectangular hollow sections 

were tested. The LDSS had two grades of EN 1.4062 and EN 1.4162. The measurements on 

the dimensions of the cross-sections were recorded. These include the height of web (H), 

width of flange (B), the section thickness (t) and the section inner radius (ri). The values of 

measured web heights were in the range of 19.9 to 152.0 mm, flange widths in the range of 

20.1 to 151.9 mm, thicknesses in the range of 1.49 to 3.10 mm, and inner radii in the range of 

0.8 to 6.5 mm. In addition, the web slenderness ratios (h/t) ranged from 9.8 to 43.5. The test 

specimens with the measured dimensions are shown in Tables 1-3, with the nomenclature of 

the section defined in Fig. 1. The length (L) of each specimen was designed by referring to the 

NAS [29] and the measured values are also shown in Tables 1-3. For the loading condition of 

EOF, the clear distance of 1.5H was designed between the bearing edges of adjacent opposite 

concentrated loads or reactions; while for the loading conditions of ETF and EL, the similar 



1.5H clear distance was designed but from the specimen end to the bearing plate edge, as 

illustrated in Fig.2(a)-(c). 

 

Steel bearing plates were used to transfer the applied loading or reaction into the specimens. 

A total of six steel bearing plates with 50 mm thickness having different dimensions were 

produced. The steel bearing plates were long and wide enough to cover the full section flange 

width, except for the rounded corners. Generally, different bearing lengths were used for each 

section. Hence, the effect of different bearing lengths was also investigated. In this 

experimental investigation, all flanges of the LDSS tubular sections were not fastened to the 

steel bearing plates. 

 

2.2. Specimen labelling 

The LDSS specimens were labelled in order to identify the loading conditions (EOF, ETF and 

EL), nominal section dimensions as well as the bearing length, as shown in Tables 1-3. For 

examples, the specimens of “EOF120×60×3.0N30”, “ETF120×60×3.0N30” and 

“EL120×60×3.0N60-r” represent the following. The two or three letters in the front of the 

label mean that the LDSS tubular section was tested under the loading condition of End-One-

Flange (EOF), End-Two-Flange (ETF) or End loading (EL). The next segment shows the 

nominal dimension of the specimen section (H× B× t), namely, 120×60×3.0 means H = 120 

mm, B = 60 mm and t = 3.0 mm. The last segment N30 or N60 means that the specimen was 

loaded subjected to a bearing length of 30 or 60 mm. The repeated test was indicated by the 

last letter “r” in the label. 

 

2.3. Material properties 

Tensile coupon specimens were designed based on the ASTM Standard [31], with 12.5 mm 

width and 50 mm gauge length. They were cut from the tubular sections in the longitudinal 

direction in the centre face of the web or flange at 90-degree angle from the weld. The coupon 

specimens were tested in an MTS 810 testing machine by displacement control. The 

longitudinal strain of the coupons was measured by strain gauges at both sides of the gauge 

length and a calibrated MTS extensometer with 50 mm gauge length. They were recorded 

together with the applied load at regular intervals by a data acquisition system. The tests were 

conducted in accordance with the procedure suggested by Huang and Young [32]. The 

material properties of cold-formed LDSS obtained from the tensile coupons are detailed in 

Table 4. 



 

The compressive coupon tests were conducted by extracting the compressive coupons from 

the untested LDSS tubular sections. Generally, they were extracted in transverse direction 

from the webs in which the corresponding specimen sections were tested. If there is welding 

in the section webs, then the compressive coupons were cut from the face opposite to the weld, 

including sections (H×B×t) of 50×20×1.5, 60×40×2.0, 60×120×3.0 and 80×150×3.0 in this 

study. The nominal length and width of the compressive coupons in this study were 48 mm 

and 25 mm, respectively. However, for the sections of 50×20×1.5, 60×40×2.0 and 

60×120×3.0, the nominal length and width of the coupons were 26 mm and 13 mm, 

respectively, due to the limited heights of the webs. The tests were conducted in accordance 

with the procedure detailed in Li and Young [24]. The material properties of cold-formed 

LDSS obtained by compressive coupon tests are detailed in Table 5. 

 

2.4. Test rig and operation 

Tests of the cold-formed LDSS tubular hollow sections were conducted by concentrated end 

bearing loads, namely, the loading conditions of EOF, ETF and EL. The loading conditions of 

EOF and ETF are specified in the ASCE [25] and AS/NZS [26] stainless steel specifications, 

while the loading condition of EL simulated the floor joist members on a solid foundation 

under concentrated bearing load. The loading condition of EL is not specified in the ASCE 

[25] and AS/NZS [26] stainless steel specifications. 

 

For the loading condition of EOF, two steel bearing plates having the same width and 

thickness were positioned at the specimen ends. The steel bearing plates were connected onto 

the load transfer plates. Two identical rollers were used to support the load transfer plates. 

Hence, the symmetrical supporting condition of the test specimen at the two ends could be 

achieved. A steel plate having twice the width of the steel bearing plate was set at mid-span of 

the test specimen. The steel plate was fixed to a half round, and it transferred the applied load 

to the top flange of the specimen. Steel stiffening plates were used to prevent web failure of 

the specimen at mid-span. They were set at both sides of the specimen. The width of the 

stiffening plates and the load transfer plate at mid-span are identical. At each end of the test 

specimen, two calibrated linear variable displacement transducers (LVDTs) were used to 

measure the vertical web deformation of the specimen. The measurements covered the 

deformations between the steel bearing plates and the top flanges of specimen near the 

corners. In addition, another two LVDTs had flat plastic plates at the ends were positioned at 

both sides of the specimen webs. It should be noted that the plastic plates were rigidly 



connected to the end of the LVDTs. The plastic plates covered the specimen webs in an area 

that was able to capture the maximum web deformations in lateral direction. At the failure 

specimen end, the average readings of the two LVDTs were used for the vertical and lateral 

web deformations, respectively. The test setup of Specimen EOF150×80×3.0N90 is illustrated 

in Fig. 3(a), with the corresponding schematic view as shown in Fig. 2(a). 

 

For the loading condition of ETF, the end of the test specimen was loaded by using two 

identical steel bearing plates. The steel bearing plates were positioned at the top and bottom 

flanges of the specimen. The steel bearing plates were fixed to the two half rounds. The 

applied load was transferred to the specimen flanges by the steel bearing plates through the 

half rounds. Four calibrated LVDTs were positioned to measure the vertical web 

deformations of the test specimen. The lateral web deformations of the test specimen were 

measured in a similar way as those for the loading condition of EOF. The test setup of 

Specimen ETF80×150×3.0N150 undergoing ETF loading condition is illustrated in Fig. 3(b), 

with the corresponding schematic view as shown in Fig. 2(b). While for the loading condition 

of EL, only one steel bearing plate was used. The steel bearing plate was fixed to a half round 

and positioned at the top flange of the test specimen at the end in order to transfer the applied 

concentrated load. The arrangements of the LVDTs for the measurements of vertical web 

deformations and lateral web deformations are identical to those for the measurements in the 

ETF loading condition. The test setup and schematic view for Specimen EL100×100×3.0N30 

under EL loading condition are shown in Fig. 3(c) and Fig. 2(c), respectively, where the 

specimen was positioned on a fixed flat solid base plate. 

 

The compressive force was applied to the test specimens by a load testing machine. The tests 

were carried out by displacement control. The loading rate of 0.3 mm/min was used for all the 

tests. The applied load from the machine and the readings from the LVDTs were recorded by 

a data acquisition system regularly during the tests. 

 

2.5. Test results 

Tables 1-3 reported the test strengths per web (Ptest) for the cold-formed LDSS specimens 

undergoing the loading conditions of EOF, ETF and EL, respectively. All the LDSS tubular 

sections under concentrated end bearing loads were failed by web crippling, except for three 

specimens, EOF50×20×1.5N30, EOF60×120×3.0N90 and EOF100×100×3.0N90, that failed 

near the mid-span. Repeated tests were conducted on specimens ETF40×60×2.0N60, 



ETF60×40×2.0N30, ETF100×100×3.0N90, EL100×100×3.0N90, EL120×60×3.0N60 and 

EL150×80×3.0N90. The differences between the first and repeated test strength were 1.2%, 

5.3%, 2.6%, 0.8%, 5.4% and 2.2%, respectively. Overall, the test results were reliable as the 

differences are relatively small. Figs. 4(a)-(b) exemplifies the load versus the web 

deformation curves for specimens EOF80×150×3.0N60, ETF60×40×2.0N30 and 

EL120×60×3.0N60. The vertical axis represents the applied load on the specimen, while the 

horizontal axis plots the measured vertical and lateral deformation of the specimen. The web 

crippling failure of specimens EOF150×80×3.0N90 ETF150×80×3.0N90 and 

EL150×80×3.0N90 that subjected to different loading conditions with the same bearing 

length is illustrated in Fig. 5(b)-(d). 

 

3. Design rules 

The design rules for sections failed by web crippling are provided in the current international 

stainless steel specifications [25-27]. The design rules specified in the AS/NZS Standard [26] 

and the ASCE Specification [25] are identical. Hence, the predicted web crippling strengths 

for these two specifications [25-26] are identical. The web crippling design rules in the EC3-

1.4 [27] may refer to those specified in the EC3-1.3 Code [28]. In this study, the EC3-1.3 

Code [28] was used to calculate the web crippling strengths of the cold-formed LDSS 

sections. In addition, the web crippling design rules specified in the NAS [29] were used, 

although the design specification is focused on cold-formed carbon steel structural members. 

This is because, as mentioned earlier in the “Introduction”, the web crippling design 

provisions in the current stainless steel specifications are mainly adopted from those design 

provisions for carbon steel structures. The web crippling design rules proposed by Zhou and 

Young [30] for the cold-formed duplex stainless steel tubular sections were also assessed, as 

the grade of LDSS is close to that of the duplex stainless steel. 

 

The ASCE Specification [25] provides web crippling design rules for sections with single 

webs under different support conditions of flanges for the degree of resistant against rotation 

of web. Hollow sections and lipped channel sections belong to sections with single web 

according to the ASCE Specification [25]. Hence, the design rules for sections with single 

webs were used in this study. The calculation of web crippling strengths for the sections 

under loading conditions of EOF and ETF was in accordance with Equations (1) and (2) of 

the ASCE Specification [25], respectively. Equations (1) and (2) are suitable for the sections 

with flanges stiffened or partially stiffened. Note that the current ASCE [25] or AS/NZS [26] 

specification does not specify design rules for EL loading condition. Hence, the web crippling 



design under the EL loading condition used the same equation as those in the EOF and ETF 

loading conditions in this study. 

EOF loading condition: 
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in which PASCE = the nominal web crippling strength per web predicted by ASCE [25], C3, C4, 

Cθ and k are coefficients; θ = the web inclination angle in degrees. Equations (1) and (2) are 

applicable for conditions of 45 ≤ θ ≤ 90, N/t ≤ 210 and N/h ≤ 3.5. 

 

The EC3-1.4 [27] refers to EC3-1.3 [28] for the web crippling design rules of cold-formed 

stainless steel. The web crippling resistance in EC3-1.3 [28] is referred as the local transverse 

resistance. The design rules provided in Section 6.1.7.3 with the Equation 6.18 of the EC3-1.3 

[28] are applicable to sections with two or more unstiffened webs. Tubular sections belong to 

sections with two or more unstiffened webs. Hence, the design rules in Section 6.1.7.3 with 

the Equation 6.18 of the EC3-1.3 [28] were adopted in this study. The web crippling 

resistance equation is shown in Equation (7). 
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in which PEC = the nominal web crippling strength per web predicted by EC [28], 𝛼 is the 

web crippling coefficient, 𝑙𝑎 is the effective bearing length, 𝜃 is the angle of the web relative 

to the flanges in degrees. Equation (7) is applicable for sections with h /t ≤ 200, ri /t ≤ 10, 45 ≤ 

θ ≤ 90. 

 

The values of 𝛼 and 𝑙𝑎 depend on the loading conditions as illustrated in Fig. 6.9 of EC3-1.3 

[28] and shape of the section, i.e. sheeting profiles, liner trays and hat sections. The EOF, 

ETF and EL loading conditions in this study belongs to Category 1 according to the Fig. 6.9 

of the EC3-1.3 [28]. Hence, 𝛼 and 𝑙𝑎 were chosen as 0.057 and 10 mm, respectively, in the 

calculation of nominal strength 𝑃𝐸𝐶 predicted by EC3-1.3 [28] in this study. It should be noted 

that the EC3-1.3 [28] does not consider the web slenderness ratio and uses the same bearing 

length of 10 mm for the design. Even though the LDSS specimen sections had different web 

slenderness ratios and were loaded by steel bearing plates with different bearing lengths in the 

range of 30 to 150 mm in this study. 

 

The NAS Specification [29] provides design rules for section under web crippling in Section 

G5 of the specification. The design rules are suitable for sections with single web having 

stiffened or partially stiffened flanges. The unified equation is illustrated in Equation (8) as 

follows: 
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in which PNAS = the nominal web crippling strength per web predicted by NAS [29], C = 

overall web crippling coefficient; CR = inside corner radius coefficient; CN = bearing length 

coefficient; Ch = web slenderness coefficient. The coefficients in the unified Equation (8) for 

different loading conditions with the application limits are shown in Table 6. Generally, the 

test specimens in this study could meet the limits, except for specimens ETF20×50×1.5N50 

and ETF50×150×3.0N150 having the values of N/h ratio of 3.32 and 2.44, respectively, that 

beyond the limit of N/h  2.0. Note that the NAS [29] does not provide design rules for 

loading condition of EL. Hence, the calculation of web crippling strength under loading 

condition of EL also used the design rules for loading conditions of EOF and ETF in this 

study. However, it should be noted that the ratio of N/h for the specimens EL20×50×1.5N30, 

EL20×50×1.5N50, EL60×120×3.0N120 and EL80×150×3.0N150 exceeds the limit of 2.0. 

 



Zhou and Young [30] proposed new coefficients for the unified equation specified in the NAS 

[29] for web crippling of cold-formed austenitic and duplex stainless steel tubular structural 

members. The design equation is suitable for web crippling of cold-formed austenitic and 

duplex stainless steel tubular sections under the loading conditions of ETF, ITF, EOF, IOF, 

EL and IL. However, cold-formed LDSS sections are not covered by Zhou and Young [30]. 

The coefficients and the application limits proposed by Zhou and Young [30] for the unified 

Equation (8) are also shown in Table 6. Note that the specimens ETF20×50×1.5N50 and 

ETF50×150×3.0N150 exceed the limit of N/h > 2.0; and specimens EL20×50×1.5N30, 

EL20×50×1.5N50, EL40×60×2.0N60, EL60×120×3.0N120 and EL80×150×3.0N150 also 

exceeds the limit of N/h > 1.6. 

 

4. Comparison of tests strengths with predicted strengths 

The test strengths (Ptest) of cold-formed LDSS sections per web that under the three different 

concentrated end bearing loads (EOF, ETF and EL) were compared with the predicted web 

crippling strengths calculated using the stainless steel specifications [25-27], the cold-formed 

carbon steel specification [29], and Zhou and Young [30]. It should be noted that the design 

rules in EC3-1.4 [27] refers to those specified in EC3-1.3 [28], while the design rules in the 

ASCE [25] and AS/NZS [26] are identical. Furthermore, it should be noted that the specimens 

failed near the mid-span were not included in the comparison, as they were not failed by web 

crippling at the specimen ends. These are the specimens EOF50×20×1.5N30, 

EOF60×120×3.0N90 and EOF100×100×3.0N90. 

 

The comparison of test strengths (Ptest) with the predicted web crippling strengths for the 

loading conditions of EOF, ETF and EL are shown in Tables 7-9, respectively. The ASCE 

[25], EC3-1.4 [27], NAS [29] specifications and Zhou and Young [30] predictions were 

obtained. The predicted strengths were calculated using the measured cross-section 

dimensions as shown in Tables 1-3. In addition, the tested material properties were used in the 

calculation, including the Young’s moduli (𝐸𝑇  and 𝐸𝐶) and the corresponding static 0.2% 

proof stresses (𝑓0.2
𝑇  and 𝑓0.2

𝐶 ) that obtained from the longitudinal tensile and transverse 

compressive coupons, as shown in Tables 4 and 5. The nominal strengths 𝑃𝑇 and 𝑃𝐶 were 

calculated using the material properties obtained from the longitudinal tensile and transverse 

compressive coupons, respectively. 

 



Using the material properties of  𝐸𝑇 and the corresponding static 0.2% proof stress of 𝑓0.2
𝑇  for 

the nominal web crippling strength predictions (𝑃𝑇), for the loading condition of EOF, the 

mean values of tested-to-predicted strength ratio of 𝑃𝑡𝑒𝑠𝑡/𝑃𝐴𝑆𝐶𝐸
𝑇 , 𝑃𝑡𝑒𝑠𝑡/𝑃𝐸𝐶

𝑇 , 𝑃𝑡𝑒𝑠𝑡/𝑃𝑁𝐴𝑆
𝑇  and 

𝑃𝑡𝑒𝑠𝑡/𝑃𝑍&𝑌
𝑇  are 1.29, 3.02, 1.02 and 1.07, with the corresponding COVs of 0.130, 0.179, 0.090 

and 0.142, for ASCE [25], EC3-1.4 [27], NAS [29] specifications and Zhou and Young [30] 

predictions, respectively. For the loading condition of ETF, the mean values of 𝑃𝑡𝑒𝑠𝑡/𝑃𝐴𝑆𝐶𝐸
𝑇 , 

𝑃𝑡𝑒𝑠𝑡/𝑃𝐸𝐶
𝑇 , 𝑃𝑡𝑒𝑠𝑡/𝑃𝑁𝐴𝑆

𝑇  and 𝑃𝑡𝑒𝑠𝑡/𝑃𝑍&𝑌
𝑇  are 1.81, 3.10, 0.89 and 1.36, with the corresponding 

COVs of 0.441, 0.445, 0.338 and 0.271, respectively. For the loading condition of EL, the 

mean values of 𝑃𝑡𝑒𝑠𝑡/𝑃𝐴𝑆𝐶𝐸
𝑇 , 𝑃𝑡𝑒𝑠𝑡/𝑃𝐸𝐶

𝑇 , 𝑃𝑡𝑒𝑠𝑡/𝑃𝑁𝐴𝑆
𝑇  and 𝑃𝑡𝑒𝑠𝑡/𝑃𝑍&𝑌

𝑇  are 1.49 (2.05), 3.53, 1.07 

(1.03) and 1.13, with the corresponding COVs of 0.359 (0.353), 0.357, 0.255 (0.251) and 

0.271, respectively. Note that the predicted web crippling strengths for EL loading condition 

used the design rules of EOF (ETF) loading conditions for both ASCE [25] and NAS [29] 

predictions in this study, as shown in Table 9. 

 

Overall, it is found that the predicted web crippling strengths using the design rules [25-29] 

are conservative for the three different loading conditions, except for the strengths predicted 

by the NAS Specification [29] under the loading condition of ETF. The strengths predicted by 

the European code [27] are much more conservative than those predicted by the ASCE 

specification [25], as shown in Tables 7-9. This is because European codes [27-28] do not 

take into consideration of the web slenderness ratio although the LDSS test specimen sections 

had different web slenderness in this study. Furthermore, the bearing length of 10 mm was 

used in the calculation for the three different loading conditions of EOF, ETF and EL, 

although the specimen sections were loaded by different bearing lengths from 30 to 150 mm. 

However, it should be noted that the web crippling design equations in ASCE [25], AS/NZS 

[26], NAS [29] and Zhou and Young [30] consider the web slenderness ratio h/t and use the 

actual bearing length N in the calculation. The web crippling strengths predicted by the NAS 

[29] and Zhou and Young [30] are less conservative compared with those predicted by the 

ASCE [25] and EC3-1.4 [27], and generally smaller values of COV, as shown in Tables 7-9. 

It means that the web crippling design rules specified in NAS [29] for cold-formed carbon 

steel and those proposed by Zhou and Young [30] for cold-formed duplex stainless steel give 

better predictions than those specified in the ASCE [25] and EC3-1.4 [27]. 

 

The nominal strengths (𝑃𝐶) predicted using material properties of 𝐸𝐶 and the corresponding 

static 0.2% proof stress of 𝑓0.2
𝐶   were also compared, as shown in Tables 7-9. Generally, the 

predictions are less conservative compared with those predicted using the material properties 



of longitudinal tensile coupon tests for the cold-formed LDSS under concentrated end bearing 

loads, i.e., EOF, ETF and EL loading conditions. This is because the 0.2% proof stress (yield 

strength) obtained from the transverse compressive coupon tests are generally higher than 

those obtained from the longitudinal tensile coupon tests due to the cold-forming process of 

the sections, where the transverse direction of the tubes undergoes more cold work than the 

longitudinal direction as a result of the transverse bending. However, it should be noted that 

the predicted strengths from the ASCE [25] using material properties of tensile and 

compressive coupon tests are identical as the coefficients C3 related to material properties, 

shown in Equation (3), was a constant value of 1.34 due to both the static 0.2% proof stresses 

(𝑓0.2
𝑇  and 𝑓0.2

𝐶 ) are larger than 459 MPa in this study. 

 

The comparisons of tested-to-predicted strengths using material properties from the 

longitudinal tensile coupon tests and transverse compression coupon tests are shown in Fig. 

6(a)-(d) for ASCE [25], EC3-1.4 [27], NAS [29] and Zhou and Young [30], respectively. The 

three different loading conditions (EOF, ETF and EL) in which the cold-formed LDSS 

sections tested were included in each figure. The vertical axis plots the test strengths per web 

while the horizontal axis represents the predicted strengths per web. In Fig. 6(a)-(d), the 

results calculated using the material properties in tensile and compression were identified by 

“(T)” and “(C)” in the top right hand side of each label legend, respectively. Note that the 

predicted strengths for loading condition of EL adopted the design rules of EOF and ETF 

loading conditions for both the ASCE [25] and NAS [29] in this study, and they are also 

shown in Fig. 6(a) and (c). 

 

5. Reliability analysis 

Reliability analysis was performed for the web crippling design rules used in this study. The 

analysis was conducted in accordance with those specified in the Commentary of the ASCE 

Specification for cold-formed stainless steel members [25]. The aforementioned web 

crippling design provisions in the ASCE [25], EC3-1.4 [27] (EC3-1.3 [28]) for stainless steel 

structures, as well as those specified in NAS [29] for cold-formed carbon steel and Zhou and 

Young [30] for cold-formed duplex stainless steel were examined. It should be noted that the 

reliability analysis for the design provisions in the EC3-1.4 [27] should follow the Eurocode 0 

[33]. For direct comparison, the reliability analysis that specified in the ASCE [25] was used 

in this study. 

 



In this study, the reliability index (β) greater than or equal to 2.5 was set for the design 

provisions being considered reliable and probabilistically safe. The resistance factors () for 

web crippling strength design as recommended by the ASCE [25], EC3-1.4 [27], NAS [29] 

and Zhou and Young [30] are shown in Tables 7-9. They were used in the calculation of the 

reliability index (β). In addition, the load combination of 1.2DL + 1.6LL was used for the 

design provisions of ASCE [25], NAS [29] and Zhou and Young [30], while the combination 

of 1.35DL + 1.5LL was used for European code [28], where DL represents the dead load 

while LL represents the live load. The ratio of 0.2 was used for DL/LL. The statistical 

parameters suggested in Section 6.2 of ASCE [25] were used, where Mm = 1.10, Fm = 1.00, 

VM = 0.10 and VF = 0.05, which are the mean values and coefficients of variation of material 

factor and fabrication factor, respectively. In addition, the mean value (Pm) and the 

coefficients of variation (VP) of tests to the design prediction ratios are shown in Tables 7-9. 

A correction factor (CP) in ASCE [25] was used to take consideration of the influence of 

limited test results. The reliability index (β) for the cold-formed LDSS tubular members under 

concentrated end bearing loads were calculated, and reported in Table 7-9, for the loading 

conditions of EOF, ETF and EL, respectively. 

 

Using the material properties determined by the longitudinal tensile coupons in the nominal 

strengths calculations, the values of the reliability index (β) for the loading condition of EOF 

are 3.90, 5.12, 2.86 and 3.16 for ASCE [25], EC3-1.4 [27], NAS [29] and Zhou and Young 

[30], respectively. Similarly, the values of the β for the loading condition of ETF are 2.73, 

3.15, 1.15 and 2.75, and the values of the β for the loading condition of EL are 2.78 (3.53), 

4.03, 2.22 (1.80) and 2.28, for ASCE [25], EC3-1.4 [27], NAS [29] and Zhou and Young [30], 

respectively. Note that the predicted strengths for loading condition of EL used the design 

rules for loading condition of EOF (ETF) for ASCE [25] and NAS [29] in this study. 

Generally, it is found that the design provisions [25-27] are reliable and probabilistically safe 

for the web crippling design of cold-formed LDSS tubular sections under the three different 

concentrated end bearing loads as the values of reliability index (β) are greater than the target 

value of 2.5. However, the values of β are smaller than the target value of 2.5 for the ETF 

loading condition in the NAS [29], as well as for the EL loading condition in the NAS [29] 

and Zhou and Young [30]. In addition, using the material properties determined by the 

transverse compressive coupons in the nominal strength calculations, it is found that the 

design rules [25-27, 29-30] are reliable and probabilistically safe for the web crippling design 

of LDSS sections under concentrated end bearing loads, except the provisions in the NAS [29] 

for ETF and EL loading conditions. 



6. Conclusions 

A series of tests was conducted to investigate the web crippling behaviour of cold-formed 

lean duplex stainless steel (LDSS) tubular sections under concentrated end bearing loads. The 

test specimens had the web slenderness ratio ranged from 9.8 to 43.5, and loaded with 

different bearing lengths. The tubular sections were tested under three different concentrated 

end bearing loads, namely, the loading conditions of End-One-Flange (EOF), End-Two-

Flange (ETF) and end loading (EL). The strengths obtained from the tests were compared 

with the predicted strengths calculated using the ASCE [25], AS/NZS [26] and EC3-1.4 [27] 

stainless steel specifications. In addition, the web crippling strength predicted by the NAS 

Specification [29] for cold-formed carbon steel structures and Zhou and Young [30] for cold-

formed duplex stainless steel tubular sections were also compared with the test strengths. In 

the calculation of the predicted strengths, both the material properties determined by 

longitudinal tensile coupons and compressive coupons were used. The reliability of the 

aforementioned design rules was assessed. 

 

It is found that the predicted strengths calculated using the ASCE [25], AS/NZS [26] and 

EC3-1.4 [27] for stainless steel structures are quite conservative but reliable for the cold-

formed LDSS under the three different concentrated end bearing loads, where the predictions 

from the EC3-1.4 [27] are much more conservative. The existing codified web crippling 

design provisions for stainless steel structures are not able to predict the nominal strengths of 

cold-formed LDSS tubular sections under concentrated end bearing loads accurately. The 

predictions calculated using the design provisions in the NAS [29] and Zhou and Young [30] 

are generally conservative, but less conservative compared with the predictions by ASCE [25], 

AS/NZS [26] and EC3-1.4 [27]. However, the predictions by the NAS [29] are 

unconservative and not reliable for the loading condition of ETF. By using the material 

properties determined by the longitudinal tensile coupons, both predictions by the NAS [29] 

and Zhou and Young [30] are not reliable for the loading condition of EL. 
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Nomenclature 

𝐵  overall width of cross section 

𝐸𝑇  Young’s modulus obtained from longitudinal tensile coupon test 

𝐸𝐶   Young’s modulus obtained from transverse compressive coupon test 

𝐻  overall depth of cross section 

𝐿  length of test specimen 

𝑁  bearing length 

𝑃𝐶   nominal web crippling strength per web calculated using material properties in 

compressive coupon test 

𝑃𝑇  nominal web crippling strength per web calculated using material properties in  

longitudinal tensile coupon test 

𝑃𝐴𝑆𝐶𝐸   nominal web crippling strength per web obtained from ASCE Specification 

𝑃𝐴𝑆𝐶𝐸
𝑇   nominal web crippling strength per web obtained from ASCE Specification using 

longitudinal tensile coupon tests 

𝑃𝐴𝑆𝐶𝐸
𝐶   nominal web crippling strength per web obtained from ASCE Specification using 

transverse compressive coupon tests 

𝑃𝐸𝐶   nominal web crippling strength per web obtained from European Code 

𝑃𝐸𝐶
𝑇   nominal web crippling strength per web obtained from European Code using 

longitudinal tensile coupon tests 

𝑃𝐸𝐶
𝐶   nominal web crippling strength per web obtained from European Code using 

transverse compressive coupon tests 

𝑃𝑁𝐴𝑆  nominal web crippling strength per web obtained from North American Specification 

𝑃𝑁𝐴𝑆
𝑇   nominal web crippling strength per web obtained from North American Specification 

using longitudinal tensile coupon tests 

𝑃𝑁𝐴𝑆
𝐶   nominal web crippling strength per web obtained from North American Specification 

using transverse compressive coupon tests 

𝑃𝑡𝑒𝑠𝑡   experimental web crippling strength per web 

𝑃𝑍&𝑌  nominal web crippling strength per web obtained from Zhou & Young’s proposal 

𝑃𝑍&𝑌
𝑇   nominal web crippling strength per web obtained from Zhou & Young’s proposal 

using longitudinal tensile coupon tests 

𝑃𝑍&𝑌
𝐶   nominal web crippling strength per web obtained from Zhou & Young’s proposal 

using transverse compressive coupon tests 

𝑃𝑚  mean value of tested-to-predicted load ratio 

𝑟𝑖  inner corner radius 

𝑉𝑃  coefficient of variation of tested-to-predicted load ratio 

ℎ  depth of flat portion of web 

𝑛𝑐  Ramerg-Osgood parameter obtained from transverse compressive coupon test 

𝑛𝑇  Ramberg-Osgood parameter obtained from longitudinal tensile coupon test 

𝑡  web thickness 

β  reliability index 

http://refhub.elsevier.com/S0141-0296(16)31265-2/h0155
http://refhub.elsevier.com/S0141-0296(16)31265-2/h0155
http://refhub.elsevier.com/S0141-0296(16)31265-2/h0155
http://refhub.elsevier.com/S0141-0296(16)31265-2/h0155


𝜀𝑓
𝑇  strain after fracture from longitudinal tensile coupon test 

𝜀𝑢
𝑇  strain at ultimate tensile strength from longitudinal tensile coupon test 

  resistance factor 

𝑓0.01
𝑇   static 0.01% proof stress obtained from longitudinal tensile coupon test 

𝑓0.2
𝑇   static 0.2% proof stress obtained from longitudinal tensile coupon test 

𝑓𝑢
𝑇  static tensile strength obtained from longitudinal tensile coupon test 

𝑓0.01
𝐶   static 0.01% proof stress obtained from transverse compressive test 

𝑓0.2
𝐶   static 0.2% proof stress obtained from transverse compressive coupon test 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1: Definition of symbols 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 
 

 (a) End-One-Flange (EOF) loading condition 

 

 

 
 

(b) End-Two-Flange (ETF) loading condition 

 

 

 
 

 (c) End loading (EL) condition 

 

Figure 2: Sections under different concentrated end bearing loads 

 

 

 

 

 

 



 

 

 

 

 
(a) Specimen EOF150×80×3.0N90 

 

 

 

 

 

 

 
(b) Specimen ETF80×150×3.0N150 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 
(c) Specimen EL100×100×3.0N30 

 

 

Figure 3: Test setup of specimens under concentrated end bearing loads 
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(a) Load-vertical deformation 
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(b) Load-lateral deformation 

 
Figure 4: Load-deformation curves of specimens under concentrated end bearing loads 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 
(a) Original section of 150×80×3.0 

 

       
(b) EOF150×80×3.0N90      (c) ETF150×80×3.0N90         (d) EL150×80×3.0N90 

 

Figure 5: Web crippling failure of specimens (b-d) under concentrated end bearing loads 
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(a) Predictions by ASCE Specification [25] 
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(b) Predictions by Euro Code [27] 
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(c) Predictions by NAS Specification [29] 
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(d) Predictions by Zhou and Young [30] 

 

 Figure 6: Composion of test strengths with predicted strengths by different provisions 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

Table 1: Measured dimensions and test strengths for specimens under EOF loading condition 

 

Specimen 
H 

(mm) 

B 

(mm) 

t 

(mm) 

ri 

(mm) 

L 

(mm) 
h/t ri/t N/t N/h 

Ptest 

 (kN) 

EOF50×20×1.5N30 50.2 20.2 1.51 1.0 270.2 29.9 0.7 19.8 0.66 13.0* 

EOF60×120×3.0N60 60.0 119.9 3.07 2.9 421.4 15.7 0.9 19.5 1.25 48.9 

EOF60×120×3.0N90 60.2 120.1 3.07 3.3 542.7 15.5 1.1 29.3 1.89 46.6* 

EOF80×150×3.0N60 80.2 151.9 3.08 6.5 480.2 19.8 2.1 19.5 0.98 35.7 

EOF80×150×3.0N90 80.9 151.8 3.09 6.5 510.1 20.0 2.1 29.1 1.46 42.7 

EOF100×100×3.0N30 100.3 100.2 3.09 3.3 420.3 28.4 1.1 9.7 0.34 39.6 

EOF100×100×3.0N90 100.3 100.1 3.08 3.1 659.2 28.5 1.0 29.2 1.02 61.9* 

EOF120×60×3.0N30 120.0 60.1 3.07 3.3 482.5 35.0 1.1 9.8 0.28 34.3 

EOF120×60×3.0N60 119.9 60.1 3.07 2.9 599.5 35.2 0.9 19.5 0.56 46.7 

EOF150×80×3.0N30 151.6 80.1 3.09 6.5 570.2 42.8 2.1 9.7 0.23 23.6 

EOF150×80×3.0N90 151.5 80.1 3.10 6.2 810.0 42.9 2.0 29.1 0.68 37.3 

*Note: Specimen failed near mid-span. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

Table 2: Measured dimensions and test strengths for specimens under ETF loading condition 

 

Specimen 
H 

(mm) 

B 

(mm) 

t 

(mm) 

ri 

(mm) 

L 

(mm) 
h/t ri/t N/t N/h 

Ptest 

 (kN) 

ETF20×50×1.5N30 19.9 50.2 1.50 0.8 60.0 10.2 0.6 20.1 1.97 18.0 

ETF20×50×1.5N50 19.9 50.1 1.49 0.9 80.5 10.1 0.6 33.5 3.32 28.7 

ETF40×60×2.0N30 40.4 60.2 1.99 1.9 90.6 16.4 0.9 15.1 0.92 16.4 

ETF40×60×2.0N60 40.4 60.2 2.00 2.1 121.2 16.1 1.1 30.0 1.87 24.8 

ETF40×60×2.0N60-r 40.4 60.3 1.99 2.0 120.9 16.3 1.0 30.2 1.85 25.1 

ETF50×20×1.5N30 50.2 19.9 1.52 0.8 105.2 30.1 0.5 19.8 0.66 9.9 

ETF60×40×2.0N30 60.2 40.3 2.00 1.9 120.8 26.2 0.9 15.0 0.57 13.2 

ETF60×40×2.0N30-r 60.2 40.1 2.00 1.9 120.5 26.2 0.9 15.0 0.57 13.9 

ETF60×120×3.0N60 60.0 120.0 3.06 2.9 151.2 15.7 0.9 19.6 1.25 44.5 

ETF60×120×3.0N90 59.9 119.9 3.07 2.9 180.8 15.6 0.9 29.3 1.88 56.7 

ETF80×150×3.0N60 80.9 151.1 3.08 6.5 180.3 20.0 2.1 19.5 0.97 24.1 

ETF80×150×3.0N150 80.7 150.7 3.09 6.5 269.3 19.9 2.1 48.6 2.44 44.3 

ETF100×100×3.0N30 100.5 100.3 3.08 3.4 180.2 28.4 1.1 9.7 0.34 25.1 

ETF100×100×3.0N90 100.4 100.1 3.09 3.4 240.3 28.3 1.1 29.2 1.03 42.4 

ETF100×100×3.0N90-r 100.4 100.1 3.09 3.1 240.0 28.4 1.0 29.1 1.02 43.5 

ETF120×60×3.0N30 120.4 59.8 3.09 3.3 211.1 34.9 1.1 9.7 0.28 24.5 

ETF120×60×3.0N60 120.1 60.2 3.07 2.9 240.9 35.2 0.9 19.5 0.55 29.9 

ETF150×80×3.0N30 151.0 80.3 3.09 6.5 255.0 42.6 2.1 9.7 0.23 19.2 

ETF150×80×3.0N90 151.0 80.2 3.08 6.2 314.8 43.0 2.0 29.2 0.68 27.2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

Table 3: Measured dimensions and test strengths for specimens under EL loading condition 

 

Specimen 
H 

(mm) 

B 

(mm) 

t 

(mm) 

ri 

(mm) 

L 

(mm) 
h/t ri/t N/t N/h 

Ptest 

 (kN) 

EL20×50×1.5N30 20.1 50.2 1.51 1.1 60.3 9.8 0.7 19.8 2.03 20.7 

EL20×50×1.5N50 20.1 50.1 1.53 0.9 80.2 10.0 0.6 32.7 3.27 29.3 

EL40×60×2.0N30 40.4 60.2 2.01 1.6 90.8 16.5 0.8 14.9 0.91 19.9 

EL40×60×2.0N60 40.5 60.3 2.00 1.6 120.4 16.6 0.8 30.0 1.81 29.6 

EL50×20×1.5N30 50.2 20.1 1.53 1.1 105.3 29.4 0.7 19.7 0.67 12.1 

EL60×40×2.0N30 60.3 40.4 2.02 1.5 124.1 26.4 0.7 14.9 0.56 17.6 

EL60×40×2.0N50 60.4 40.3 2.04 1.6 211.2 26.0 0.8 24.5 0.94 22.0 

EL60×120×3.0N60 60.3 120.1 3.07 2.9 150.5 15.8 0.9 19.5 1.24 51.9 

EL60×120×3.0N120 60.3 119.9 3.08 3.0 209.6 15.6 1.0 39.0 2.49 74.7 

EL80×150×3.0N60 80.1 150.8 3.09 6.0 180.7 20.1 1.9 19.4 0.97 33.2 

EL80×150×3.0N150 80.8 150.6 3.09 6.1 270.5 20.2 2.0 48.6 2.41 49.9 

EL100×100×3.0N30 100.3 100.1 3.09 3.8 180.7 28.1 1.2 9.7 0.35 33.3 

EL100×100×3.0N90 100.4 100.2 3.09 4.1 240.2 27.8 1.3 29.1 1.05 48.2 

EL100×100×3.0N90-r 100.4 100.1 3.08 3.4 240.2 28.4 1.1 29.2 1.03 47.8 

EL120×60×3.0N30 119.9 60.0 3.10 3.1 207.9 34.7 1.0 9.7 0.28 31.4 

EL120×60×3.0N60 119.9 60.5 3.07 3.1 241.9 35.0 1.0 19.5 0.56 38.7 

EL120×60×3.0N60-r 120.0 60.5 3.08 2.9 242.5 35.1 0.9 19.5 0.56 36.6 

EL150×80×3.0N30 150.9 80.3 3.09 5.8 256.3 43.2 1.9 9.7 0.23 24.8 

EL150×80×3.0N90 152.0 80.6 3.08 6.0 316.0 43.5 1.9 29.2 0.67 32.5 

EL150×80×3.0N90-r 151.0 80.6 3.08 6.0 315.7 43.2 1.9 29.2 0.68 33.2 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

Table 4: Material properties of lean duplex stainless steel by tensile coupon tests 

 

Stainless steel 

grade 

Section 

H×B×t (mm) 

Material properties from static curves 

𝐸𝑇 𝑓0.01
𝑇  𝑓0.2

𝑇  𝑓𝑢
𝑇 𝜀𝑢

𝑇
 𝜀𝑓

𝑇 𝑛𝑇 

GPa MPa MPa MPa % %  

EN 1.4162 50×20×1.5 194 384 656 777 33.2 42.2 5.6 

EN 1.4062 

60×40×2.0 199 340 600 756 25.9 40.3 5.3 

100×100×3.0 202 365 557 701 26.4 43.1 7.1 

120×60×3.0 206 423 620 736 25.5 38.5 7.8 

150×80×3.0 194 263 491 722 29.6 43.3 4.8 

 

 

 

 

 

 

 

 

Table 5: Material properties of lean duplex stainless steel by compressive coupon tests 

Stainless steel 

grade 

Section 

H×B×t (mm) 

Material properties from static curves 

𝐸𝐶  𝑓0.01
𝐶  𝑓0.2

𝐶  𝑛𝐶  

GPa MPa MPa  

EN 1.4162 50×20×1.5 212 346 611 5.3 

EN 1.4062 

60×40×2.0 211 378 627 5.9 

60×120×3.0 215 421 727 5.5 

80×150×3.0 214 315 546 5.4 

100×100×3.0 209 353 551 6.7 

120×60×3.0 215 382 611 6.4 

150×80×3.0 208 268 518 4.5 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

Table 6: Coefficients for web crippling design of cold-formed steel sections 

 

Provision Steel Section type Load condition 
Coefficients Limits 

C CR CN Ch  ri/t N/t h/t N/h 

NAS [29] Carbon steel 
single 

web channel 

EOF 4.0 0.14 0.35 0.02 0.80  5  210  200  2.0 

ETF 13.0 0.32 0.05 0.04 0.90  3  210  200  2.0 

Zhou and Young [30] 
Duplex 

stainless steel 

Square and rectangular 

hollow sections 

EOF 5.0 0.40 0.50 0.020 0.70  2  50  50  2.0 

ETF 3.0 0.36 0.50 0.020 0.80  2  50  50  2.0 

EL 5.8 0.26 0.18 0.001 0.80  2  50  200  1.6 

Note: The table is suitable to stiffened or partially stiffened flanges that unfastened to support. 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

Table 7: Comparison of test strengths with predicted strengths for EOF loading condition 

 

Specimen 𝑃𝑡𝑒𝑠𝑡 (kN) 
Using material properties from tensile coupons Using material properties from compressive coupons 

𝑃𝑡𝑒𝑠𝑡/𝑃𝐴𝑆𝐶𝐸
𝑇  𝑃𝑡𝑒𝑠𝑡/𝑃𝐸𝐶

𝑇  𝑃𝑡𝑒𝑠𝑡/𝑃𝑁𝐴𝑆
𝑇  𝑃𝑡𝑒𝑠𝑡/𝑃𝑍&𝑌

𝑇  𝑃𝑡𝑒𝑠𝑡/𝑃𝐴𝑆𝐶𝐸
𝐶  𝑃𝑡𝑒𝑠𝑡/𝑃𝐸𝐶

𝐶  𝑃𝑡𝑒𝑠𝑡/𝑃𝑁𝐴𝑆
𝐶  𝑃𝑡𝑒𝑠𝑡/𝑃𝑍&𝑌

𝐶  

EOF50×20×1.5N30 13.0* - - - - - - - - 

EOF60×120×3.0N60 48.9 1.46 3.48 1.03 0.92 1.46 3.14 0.88 0.79 

EOF60×120×3.0N90 46.6* - - - - - - - - 

EOF80×150×3.0N60 35.7 1.28 3.08 1.04 1.25 1.28 2.78 0.93 1.12 

EOF80×150×3.0N90 42.7 1.41 3.67 1.09 1.29 1.41 3.31 0.98 1.16 

EOF100×100×3.0N30 39.6 1.32 2.99 1.17 1.11 1.32 2.95 1.18 1.12 

EOF100×100×3.0N90 61.9* - - - - - - - - 

EOF120×60×3.0N30 34.3 1.17 2.45 0.93 0.88 1.17 2.42 0.94 0.90 

EOF120×60×3.0N60 46.7 1.45 3.32 1.03 0.92 1.45 3.27 1.04 0.94 

EOF150×80×3.0N30 23.6 0.96 2.02 0.87 1.08 0.96 1.90 0.82 1.02 

EOF150×80×3.0N90 37.3 1.26 3.17 0.98 1.13 1.26 2.99 0.93 1.07 

Mean, Pm 1.29 3.02 1.02 1.07 1.29 2.84 0.96 1.01 

COV, Vp 0.130 0.179 0.090 0.142 0.130 0.167 0.113 0.128 

Resistance factor,  0.70 0.91 0.80 0.70 0.70 0.91 0.80 0.70 

Reliability index, β 3.90 5.12 2.86 3.16 3.90 5.09 2.53 3.08 

*Note: Specimen failed near mid-span, not included in the comparison. 

 

 

 

 

 

 



 

Table 8: Comparison of test strengths with predicted strengths for ETF loading condition 

 

Specimen 𝑃𝑡𝑒𝑠𝑡 (kN) 
Using material properties from tensile coupons Using material properties from compressive coupons 

𝑃𝑡𝑒𝑠𝑡/𝑃𝐴𝑆𝐶𝐸
𝑇  𝑃𝑡𝑒𝑠𝑡/𝑃𝐸𝐶

𝑇  𝑃𝑡𝑒𝑠𝑡/𝑃𝑁𝐴𝑆
𝑇  𝑃𝑡𝑒𝑠𝑡/𝑃𝑍&𝑌

𝑇  𝑃𝑡𝑒𝑠𝑡/𝑃𝐴𝑆𝐶𝐸
𝐶  𝑃𝑡𝑒𝑠𝑡/𝑃𝐸𝐶

𝐶  𝑃𝑡𝑒𝑠𝑡/𝑃𝑁𝐴𝑆
𝐶  𝑃𝑡𝑒𝑠𝑡/𝑃𝑍&𝑌

𝐶  

ETF20×50×1.5N30 18.0 3.05 4.59 1.16 1.84 - - - - 

ETF20×50×1.5N50 28.7 4.40 7.39 1.79 2.50 - - - - 

ETF40×60×2.0N30 16.4 1.66 2.65 0.77 1.31 - - - - 

ETF40×60×2.0N60 24.8 2.22 4.00 1.11 1.59 - - - - 

ETF40×60×2.0N60-r 25.1 2.25 4.07 1.12 1.60 - - - - 

ETF50×20×1.5N30 9.9 1.72 2.46 0.68 1.02 1.72 2.43 0.73 1.10 

ETF60×40×2.0N30 13.2 1.36 2.12 0.65 1.07 1.36 2.01 0.62 1.02 

ETF60×40×2.0N30-r 13.9 1.43 2.23 0.68 1.13 1.43 2.11 0.65 1.08 

ETF60×120×3.0N60 44.5 1.83 3.18 0.83 1.33 1.83 2.87 0.71 1.13 

ETF60×120×3.0N90 56.7 2.15 4.03 1.01 1.45 2.15 3.64 0.86 1.24 

ETF80×150×3.0N60 24.1 1.19 2.08 0.74 1.24 1.19 1.88 0.67 1.11 

ETF80×150×3.0N150 44.3 1.75 3.81 1.23 1.62 1.75 3.44 1.10 1.45 

ETF100×100×3.0N30 25.1 1.17 1.91 0.60 1.11 1.17 1.88 0.61 1.12 

ETF100×100×3.0N90 42.4 1.66 3.20 0.92 1.29 1.66 3.16 0.93 1.31 

ETF100×100×3.0N90-r 43.5 1.68 3.26 0.93 1.29 1.68 3.22 0.94 1.31 

ETF120×60×3.0N30 24.5 1.14 1.73 0.54 0.97 1.14 1.71 0.54 0.98 

ETF120×60×3.0N60 29.9 1.29 2.13 0.61 0.93 1.29 2.09 0.62 0.94 

ETF150×80×3.0N30 19.2 1.09 1.65 0.69 1.28 1.09 1.55 0.65 1.22 

ETF150×80×3.0N90 27.2 1.29 2.34 0.88 1.24 1.29 2.21 0.83 1.17 

Mean, Pm 1.81 3.10 0.89 1.36 1.48 2.44 0.75 1.16 

COV, Vp 0.441 0.445 0.338 0.271 0.215 0.282 0.215 0.121 

Resistance factor,  0.70 0.91 0.90 0.80 0.70 0.91 0.90 0.80 

Reliability index, β 2.73 3.15 1.15 2.75 3.73 3.69 0.97 3.22 

 

 

 



Table 9: Comparison of test strengths with predicted strengths for EL loading condition 

 

Specimen 

𝑃𝑡𝑒𝑠𝑡 
(kN) 

Using material properties from tensile coupons Using material properties from compressive coupons 

𝑃𝑡𝑒𝑠𝑡/𝑃𝐴𝑆𝐶𝐸
𝑇  𝑃𝑡𝑒𝑠𝑡/𝑃𝐸𝐶

𝑇  𝑃𝑡𝑒𝑠𝑡/𝑃𝑁𝐴𝑆
𝑇  𝑃𝑡𝑒𝑠𝑡/𝑃𝑍&𝑌

𝑇  𝑃𝑡𝑒𝑠𝑡/𝑃𝐴𝑆𝐶𝐸
𝐶  𝑃𝑡𝑒𝑠𝑡/𝑃𝐸𝐶

𝐶  𝑃𝑡𝑒𝑠𝑡/𝑃𝑁𝐴𝑆
𝐶  𝑃𝑡𝑒𝑠𝑡/𝑃𝑍&𝑌

𝐶  

EL EOF ETF EL EOF ETF EL EOF ETF EL EOF ETF EL 

EL20×50×1.5N30 20.7 2.52 3.43 5.24 1.63 1.37 1.71 - - - - - - 

EL20×50×1.5N50 29.3 3.15 4.30 7.20 1.90 1.73 2.03 - - - - - - 

EL40×60×2.0N30 19.9 1.45 1.98 3.14 1.09 0.89 1.09 - - - - - - 

EL40×60×2.0N60 29.6 1.92 2.63 4.71 1.32 1.25 1.40 - - - - - - 

EL50×20×2.0N30 12.1 1.50 2.08 3.02 0.99 0.88 0.98 1.50 2.08 2.99 1.06 0.95 1.06 

EL60×40×2.0N30 17.6 1.29 1.78 2.74 0.97 0.81 0.95 1.29 1.78 2.60 0.93 0.77 0.91 

EL60×40×2.0N50 22.0 1.46 2.01 3.37 1.03 0.96 1.05 1.46 2.01 3.20 0.98 0.91 1.01 

EL60×120×3.0N60 51.9 1.55 2.13 3.69 1.10 0.96 1.14 1.55 2.13 3.33 0.93 0.82 0.98 

EL60×120×3.0N120 74.7 1.90 2.60 5.29 1.26 1.29 1.39 1.90 2.60 4.78 1.07 1.10 1.19 

EL80×150×3.0N60 33.2 1.16 1.59 2.84 0.95 0.98 1.08 1.16 1.59 2.56 0.86 0.89 0.97 

EL80×150×3.0N150 49.9 1.41 1.93 4.27 1.06 1.35 1.29 1.41 1.93 3.86 0.95 1.22 1.16 

EL100×100×3.0N30 33.3 1.14 1.57 2.54 0.99 0.82 0.98 1.14 1.57 2.50 1.00 0.83 0.99 

EL100×100×3.0N90 48.2 1.42 1.95 3.67 1.04 1.10 1.14 1.42 1.95 3.63 1.06 1.11 1.15 

EL100×100×3.0N90-r 47.8 1.37 1.89 3.63 1.03 1.05 1.09 1.37 1.89 3.58 1.04 1.06 1.11 

EL120×60×3.0N30 31.4 1.04 1.44 2.20 0.83 0.68 0.79 1.04 1.44 2.17 0.84 0.69 0.80 

EL120×60×3.0N60 38.7 1.21 1.67 2.76 0.86 0.81 0.87 1.21 1.67 2.72 0.87 0.82 0.88 

EL120×60×3.0N60-r 36.6 1.13 1.57 2.59 0.80 0.74 0.80 1.13 1.57 2.55 0.81 0.76 0.82 

EL150×80×3.0N30 24.8 0.97 1.35 2.11 0.90 0.85 0.91 0.97 1.35 1.99 0.85 0.80 0.86 

EL150×80×3.0N90 32.5 1.10 1.53 2.79 0.86 1.04 0.96 1.10 1.53 2.63 0.82 0.98 0.91 

EL150×80×3.0N90-r 33.2 1.12 1.57 2.85 0.88 1.06 0.99 1.12 1.57 2.69 0.84 1.00 0.93 

Mean, Pm 1.49 2.05 3.53 1.07 1.03 1.13 1.30 1.79 2.99 0.93 0.92 0.98 

COV, Vp 0.359 0.353 0.357 0.255 0.251 0.271 0.184 0.180 0.239 0.100 0.163 0.124 

Resistance factor,  0.70 0.70 0.91 0.80 0.90 0.80 0.70 0.70 0.91 0.80 0.90 0.80 

Reliability index, β 2.78 3.53 4.03 2.22 1.80 2.28 3.61 4.69 4.68 2.54 1.79 2.62 

 


