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 14 

Abstract: Modular steel structures (MSS) are distinguished from traditional steel 15 

structures (TSS) by the grouping and discontinuous features of columns, inter-modular 16 

connections (IMC), and other structural components. Vertical assembly requires shear-17 

keyed grouped IMC to support modules' tubular columns, resulting in columns and 18 

IMC clusters that complicate force transfer. This study reported experimental, 19 

numerical, and analytical investigations on the compressive behaviors of steel shear-20 

keyed grouped tubular columns. Four large-scale tubes with varied shear-key heights 21 

(Lt) and thicknesses (tt) were subjected to axial compression testing. The test results 22 

demonstrated that raising Lt and tt increased the buckling resistance of the tubes but 23 

lowered the ductility. The failure was caused by S-shaped local inward and outward 24 

buckling by neighboring columns located at shear keys, mid-height, or between 1/4 and 25 

1/2 the tube's height. The finite element model (FEM) was generated to study the effects 26 

of 9 parameters using 147 models. The impact of tube spacing and numbers, varying 27 

shear-key length (d), width (b), Lt and tt, tubes length (D), width (B), thickness (tc), and 28 

height (Lc) on compression behaviors were observed. The results show that the nominal 29 

strength of neighboring tubes was reduced to achieve compression yielding and 30 

underwent local elastic buckling, making the EC3:1-1 Class 3 slenderness limit non-31 

conservative. Prediction equations in EC3:1-1, CSA S16, AISC360-16, and GB50017 32 
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were used to evaluate the ultimate compressive resistance (Pu) of shear-keyed grouped 33 

tubes, but they overestimated results, proving non-conservative. To assess compressive 34 

behavior conservatively, modified prediction equations were proposed. Reliability 35 

analysis on 133 models showed that they accurately predicted the axial compression 36 

behavior of steel shear-keyed grouped tubular columns and can be used for MSS design. 37 

Keywords: Axial compression tests; Steel shear-keyed grouped tubular columns; S-38 

shaped local buckling; Finite element analysis; Modified code equations 39 
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Abbreviations 43 
MSS/TSS, modular/traditional steel structures; IMC, inter-modular connections; SHS, steel-44 
hollow sections; D, B, Lc, tc, tubes' length, width, height, thickness; d, b, tt, Lt, shear-key 45 

length, width, thickness, height; FEM/FEA, finite element model/analysis; Es, elastic 46 

modulus; fy, yield strength; fu, ultimate strength; Pu, Pu, Test, Pu, FE, ultimate resistance 47 

via test, FEA; Pu, EC3, Pu, CSA, Pu, AISC, Pu, GB, ultimate resistance via EC3:1-1, CSA S16, 48 

AISC360-16, GB50017; Ke, Ke, FE, initial stiffness at 45% of axial load via experiment, 49 

FEA; Δu, Δu, T, Δu, FE, ultimate axial shortening via test, FEA; DI, DIFE, ductility index 50 

via test, FE; Cov, coefficient of variation; LB, IB, OB, local, inward, outward buckling  51 

 52 

Nomenclature 53 
𝜎𝑇

𝜎𝐸
= True/Engineering stress; 

𝜀𝑇

𝜀𝐸
= True/Engineering strain; 𝜓 =

𝜎𝑚𝑖𝑛

𝜎𝑚𝑎𝑥
, stress ratio; 54 

𝜌𝑓/𝜌𝑤, 𝑄/𝑄𝑠/𝑄𝑎, and 𝜀 = √235 𝑓𝑦⁄ , flange & web reduction, slender and non-slender 55 

columns reduction, and classification factor; 𝐿𝑒𝑓𝑓, 𝐴𝑒𝑓𝑓, 𝑑𝑒, and 𝑏𝑒, effective height, 56 

area, length, and width; 𝜒, 𝑘𝜎, K, and 𝜑, capacity reduction, effective length, buckling, 57 

and partial safety factor GB50017; r, radius of gyration; 𝑓𝑒, elastic buckling stress;  𝐶𝑟, 58 

𝜑, 𝜆, and L, ultimate resistance, resistance factor, strength ratio, unbraced length in 59 

CSA S1660 

mailto:Kashan@tju.edu.cn


 

3 

 

1 Introduction 61 

Modular steel structure (MSS) depends on the fabrication of fully-finished modular 62 

units in factories and their assembly on-site [1,2]. It is a globally recognized game-63 

changing construction technology [3]. It has gained popularity due to its time and cost 64 

efficiency [3], superior quality [4], increased safety [5], and lower ecological effects 65 

[6]. The grouping, clustering, and discontinuous characteristics of structural members 66 

differentiate it from traditional steel structures (TSS), as seen in Fig. 1 [7]. Compared 67 

to other materials, steel modules are renowned for their superior strength, ductility, 68 

lightweight, and ease of operation [8]. They are classified as continuous- or corner-69 

supported based on the load-bearing components. Continuous-supported modules 70 

contain light steel supports at 300-600 mm designed primarily to resist gravity loads up 71 

to three stories in height [9]. Columns at corners of corner-supported modules withstand 72 

loads, inheriting a clear load transfer path and space flexibility, as shown in Fig. 2(a) 73 

[10–12]. Because they can extend to high-rise structures with an effective lateral 74 

stabilization system, they are often used in engineering projects, as depicted in Fig. 75 

2(b,c) [3,13]. Corners use steel-hollow section (SHS) columns with superior 76 

compression, torsion, and bending resistance [14–16]. Therefore, the comprehensive 77 

study of SHS columns in corner-supported MSS will provide a reliable foundation for 78 

future MSS development. 79 

As depicted in Figs. 1 and 2, MSS integrate discrete modules; thus, their mechanical 80 

behavior is determined by module structure and mutual damage behavior [17]. In 81 

contrast to TSS, MSS's integrity depends on a reliable inter-modular connection (IMC), 82 

which joins modules horizontally and vertically at corner columns, resulting in 83 

grouping and discontinuities [18]. Consequently, welded [19], bolted [18], and 84 

prestressed or post-tensioned [20,21] IMC are used to ensure structural integrity 85 
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between SHS tubes. Robustness, instability, and IMC's difficulties in internal module 86 

connectivity are critical for MSS safety and quality [22,23]. Since weak IMC results in 87 

isolated columns, recent review studies detail a range of IMC, especially between SHS 88 

columns, that overcome technical obstacles [2,18,24,25–30].  89 

Shear-key IMC, such as threaded-shaped, solid or hollow box-shaped, cruciform-90 

shaped, and socket-shaped, are extensively used to connect columns, as shown in Fig. 91 

3(a-c) [24]. Figure 2(c) displays the authors' 5-story Haoshi office MSS project using 92 

corner-supported modules assembled by shear-keyed grouped tubular columns, 93 

validating their application in engineering projects. Several studies on shear-keyed 94 

tubes and IMC has been recently carried out, such as Chen et al. [31,32] revealed their 95 

excellent seismic capacity, while the columns showed tearing. Exclusive studies on 96 

shear-key IMC by Hajimohammadi et al. [33] discovered that increasing the loading 97 

angle reduces shear-key ultimate capacity, rendering ISO/TR-16224, ASME-B1.1, and 98 

BS-3580 standards inapplicable. Besides, Khan et al. [34–36], Bowron [37], and Pang 99 

et al. [38] noticed their semi-rigid response while providing horizontal connectivity and 100 

shear resistance. However, they also witnessed the generation of high stresses on 101 

columns near shear-key zones. Dai et al. [39,40] found grouted shear-keyed IMC to be 102 

a rigid contributor to load resistance. Zhang et al. [41] and Deng et al. [42] proposed 103 

welded, and Ma et al. [43] developed bolted shear-key IMC. They observed shear key 104 

enables horizontal connectivity and shear resistance, but the lack of IMC welding 105 

caused rotations. Nadeem et al. [44] devised a self-locking IMC. They noticed excellent 106 

slipping and lateral force resistance [33]. However, they neglected the effects of initial 107 

geometric imperfections, rendering the design technique impractical. Additionally, 108 

Chen et al. [45] revealed that the shear key transmits shear force until yielding or 109 

substantial deformation. Moreover, stiffness and capacity rise with modest increases in 110 
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the shear-key length and thickness, highlighting shear-keyed tubular columns' role in 111 

influencing MSS's structural behavior.  112 

Modular steel structures have recently introduced pre- and post-tensioned shear-keyed 113 

grouped tube columns IMC. Chen et al. [20] and Liew et al. [46,47] discovered that 114 

they transfer lateral forces adequately. Sanches et al. [48,49] found that their lateral 115 

force resistance depends on mutual friction, and shear-key thickness is the governing 116 

factor. Lacey et al. [50,51] witnessed that sandblasting or expanding the tube-key 117 

contact area improves shear-slip resistance. Most IMC used shear keys without welding 118 

in tubes; however, research concentrated on the lateral behavior of shear-keyed 119 

columns. Tube and shear-key thickness were studied for shear and lateral force 120 

resistance; shear-keyed grouped tubular columns' axial compression behavior is 121 

undetermined. It is presumed that shear keys are firmly welded to tubes, which is 122 

impossible to accomplish due to inaccessibility inside grouped tubes. This results in an 123 

imprecise and insufficiently conservative design. Besides, these researches did not 124 

address geometrical imperfections affecting assembly and force transmission. As 125 

shown in Figs. 2 and 3, compression testing on non-welded shear-keyed grouped tubes 126 

is essential since they are used in MSS engineering projects.  127 

MSS supported by shear-keyed SHS columns boosts structural performance [2,52]. 128 

Noticeably, the compression behavior of various SHS columns has been extensively 129 

researched in TSS. For example, Theofanous and Gardner [53] found that the EC3 130 

effective width equation and Class 3 slenderness limit for stub and long stainless steel 131 

SHS columns are conservative. Kamran and Min [54] witnessed AISC360-16, CSA 132 

S16-19, and AISI S100-16 to be safe for SHS/RHS cold-formed stub columns. Liu et 133 

al. [55] discovered that Class 1~4 slenderness limits in EC-3 and ANSI/ AISC 360-16 134 

for Q355 and Q460 mild steel columns are non-conservative. Rahnavard et al. [56] 135 
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noticed the non-conservativeness of the direct strength method in cold-formed boxes. 136 

Liu and Young [57] and Yan et al. [58,59] researched stainless steel columns' axial 137 

response at varying temperatures. Huang et al. [60] reported EC3, AISC360, and 138 

GB50017 as conservative for stainless steel. Contrary, Li et al. [61] and Wang et al. [62] 139 

discovered unsafe capacity and conservative classification outcomes for high-strength 140 

steel (HSS) tubes. Liu et al. [63] observed that reducing D/t increased capacity. Guo et 141 

al. [64] and key et al. [65] detected local buckling in stubs and long tubes. Deng et al. 142 

[66] explored an MSS tubular column with liftable IMC, finding that increasing column 143 

strength and thickness improves, but increasing height impairs ultimate resistance.  144 

Studies on tubular columns in TSS or MSS primarily focused on individual columns 145 

with or without IMC; group columns and neighboring column effects were lacking. 146 

Moreover, the outcomes were limited to hollow columns; shear-keyed tubes were not 147 

explored. Furthermore, the boundary conditions were assumed to be conventionally 148 

fixed, or welded tube ends with IMC, necessitating grouped column investigations to 149 

examine non-welded shear-keyed grouped tubes in MSS. Additionally, Khan et al.[14–150 

16] found that existing standards overestimate the compressive strength of the tubular 151 

wall because MSS characteristics are disregarded. Long or stub mild, stainless, cold-152 

formed, hot-rolled, and HSS tubes were investigated in TSS at ambient, low, or elevated 153 

temperatures. Their predictions and findings were limited to a single TSS tube, as 154 

resistance estimation assumed tube continuity at both ends. MSS's integrated modules 155 

group columns in the IMC zone, causing discontinuity and rotation on each floor [67]. 156 

Limited information on non-welded shear-keyed grouped tubular columns of different 157 

effective lengths, critical loads, and ultimate resistances leads to imprecise design. 158 

Conventional design criteria for shear-keyed grouped tubular columns become 159 

questionable if special features and connections are not incorporated. Besides, tube 160 
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designs that disregard shear keys are unsuited for shear-keyed column design. This 161 

emphasizes the necessity for axial compression tests and an analysis of the 162 

conservatism of existing steel standards on shear-keyed grouped tubular columns. 163 

Corner-supported modules connected at interior IMC have distinctive aspects; therefore, 164 

it is vital to investigate the axial compression behavior of shear-keyed grouped tubular 165 

columns considering their utilization in high-rise MSS globally [3,13]. 166 

This study investigated the compressive behaviors of steel shear-keyed grouped tubular 167 

columns by testing four large-scale tubes with varied Lt and tt. The results of load 168 

displacement, deflection, and strain were presented. The accuracy of FEM was then 169 

verified using test data to explore the impact of 9 varying parameters. Finally, modified 170 

prediction equations for EC3:1-1, CSA S16, AISC360-16, and GB50017 were 171 

proposed to asses shear-keyed grouped columns Pu.  172 

 173 
Fig. 1 Uniquenesses of MSS relative to TSS 174 
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 175 
(a) Shear-keyed grouped tubes force transfer  176 

 177 
(b) Multi-story MSS with steel shear-key IMC supporting grouped tubular columns 178 
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 180 
(c) Corner-supported modules with shear-keyed grouped tubes in the MSS project in China 181 

(Designed by the research team) [68] 182 
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 185 
Fig. 3 Shear-keyed grouped columns and IMC in MSS 186 
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compliance with Chinese steel design code GB50017-2017 [69]. As indicated in Fig. 2, 191 

specimen cross-sections were formed based on the prototype project to maintain 192 

consistency. The primary purpose of the testing was to acquire experimental data and 193 

associated failure modes for initial geometric imperfection to validate FEM, followed 194 

by extensive parametric and analytical research. The average height of modules in an 195 

actual engineering project was 3 m. Following limitations of test facilities and studies 196 

on modular joint literature, the column subassembly method was used to design 197 

member length and height based on zero-moment inflection points. Thus, the current 198 

research adopted column height as half the actual height, as displayed in Fig. 2(b) [25]. 199 

This research employed a hollow, box-shaped, grouped shear-key welded to upper and 200 

lower connecting plates [24]. Following the actual project scenario, most IMC criteria 201 

and safer design, shear keys, and connecting plates were not welded to tubes to allow 202 

for rotation. Studies on non-welded shear-keyed tubes, IMCs, and frames indicated that 203 

shear keys must have shrunken or sloped ends with a 3 mm [31,70] to 6 mm [48,49] 204 

gap between the column and inserted shear keys in the initial state to facilitate 205 

alignment and allow installation error. Thus, the current study allows a 1 to 2 mm gap 206 

between the tube and shear key to account for the insertion of keys on both ends; 207 

otherwise, construction tolerances could hinder installation. Additionally, considering 208 

MEP's crossing and working accessibility in realistic situations, a 24 mm gap was 209 

allowed between neighboring columns, making the distance between grouped shear 210 

keys 44 mm.  211 

2.2 Specimens geometry 212 

One 1/2 large-scale welded and three shear-keyed grouped tubular column specimens 213 

are included in the testing program to evaluate compression and the interaction behavior 214 

between neighboring tubes and tubes and the shear keys, respectively. Specimens were 215 
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designed per the MSS's prototype project, and the geometrical details used in testing 216 

are depicted in Fig. 4. Welded IMC is the most common type with satisfactory 217 

performance [19,71–73]; however, it is costly, and complete welding is impossible [74]. 218 

Shear-keyed IMCs perform well, fulfilling their role as a superior alternative to welded 219 

IMC [48,49]. Moreover, welded IMC connects tubes without any component inserted, 220 

making the tubes homogenous with flexural stiffnesses on ends and mid-height 221 

identical. However, shear-keyed tubes are non-homogeneous, with a hollow central part 222 

and two ends supported by shear keys of varying rigidities [75]. Thus, shear-keyed 223 

grouped tubes' were compared to welded ones to evaluate the difference in performance 224 

and failure caused by the employment of shear keys. The specimen FD1 was used as 225 

the standard to investigate the effect of shear-key and tube-plate welding on the 226 

compression behavior of grouped tubes. Therefore, shear keys were lacking on FD1, 227 

and the connection plate was partially welded directly to the ends of the SHS columns 228 

on three sides (top and bottom). Because the working space between adjacent tubes in 229 

grouped columns was insufficient for full welding, the fourth side of the tubes was not 230 

welded. Other specimens, namely FD2, FD3, and FD4, were designed to examine 231 

shear-key effectiveness; thus, different lengths (Lt) and thicknesses (tt) of shear-key 232 

were considered. All specimens were prepared with 1.5 m column heights (Lc). The 233 

dimensions of the connecting plate for them matched those of the actual project 234 

connection gusset plate, which was 524 mm long, 490 mm wide, and 20 mm thick. 235 

Similarly, the identical SHS tube cross-section was used for all grouped column 236 

specimens with cross-sections of 200×200×8 mm. The goal of examining similar 237 

column sizes was to keep the design consistent while focusing on the influence of 238 

grouped shear-key contribution. Each column measured 200 mm long (D), 200 mm 239 

wide (B), and 8 mm thick (tc). Furthermore, each shear-keyed grouped tubular column 240 
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specimen (FD2, FD3, and FD4) had the same cross-section length (d) and breadth (b) 241 

of 180 mm, but they differed in terms of shear-key thickness (tt) and height (Lt). To 242 

assess the presence and insertion height of shear-keys, specimen FD3 grouped shear-243 

key tt was set to 10 mm and Lt to 150 mm, and the findings were compared to those of 244 

FD1. Conversely, FD2 and FD4 were designed to observe the contribution of grouped 245 

shear-key height. Hence, the shear-key thickness was kept constant, such as tt of 25 mm, 246 

with Lt ranging from 100 to 250 mm. Figure 4 and Table 1 contain more information 247 

on each specimen. 248 

Table 1 Details of shear-keyed grouped tubes for axial compression 

Sp. # 
D 

(mm) 

B 

(mm) 

tc 

(mm) 

tt 

(mm) 

d 

(mm) 

b 

(mm) 

Lt 

(mm) 

ES 

(GPa) 

fy 

(MPa) 

fu 

(MPa) 
Grade 

𝑃𝑢 

(kN) 

𝐾𝑒 

(kN/mm) 

𝛥𝑢 

(mm) 

𝐷𝐼 
Ratio 

FD1 200 200 8 - - - - 206 380 434 235 4214 1174 10.2 1.6 

FD2 200 200 8 25 180 180 250 206 380 434 235 4169 1025 9.4 1.9 

FD3 200 200 8 10 180 180 150 206 380 434 235 4119 1358 8.7 2.2 

FD4 200 200 8 25 180 180 100 206 380 434 235 4176 1084 7.7 1.8 

Sp. # 
D 

(mm) 

B 

(mm) 

tc 

(mm) 

tt 

(mm) 

d 

(mm) 

b 

(mm) 

Lt 

(mm) 

𝑃𝑢,𝐹𝐸 

(kN) 

𝑃𝑢
𝑃𝑢,𝐹𝐸

 
𝐾𝑒,𝐹𝐸 

(kN/mm) 

𝐾𝑒
𝐾𝑒,𝐹𝐸

 
𝛥𝑢,𝐹𝐸 

(mm) 

𝛥𝑢
𝛥𝑢,𝐹𝐸

 
𝐷𝐼𝐹𝐸  

(Ratio) 

𝐷𝐼

𝐷𝐼𝐹𝐸
 

FD1 200 200 8 - - - - 4102 1.03 1429 0.82 8.2 1.25 2.6 0.64 

FD2 200 200 8 25 180 180 250 4135 1.01 1290 0.79 7.3 1.28 2.1 0.88 

FD3 200 200 8 10 180 180 150 4071 1.01 1528 0.89 7.2 1.20 2.2 1.01 

FD4 200 200 8 25 180 180 100 4071 1.03 1340 0.81 9.6 0.80 2.1 0.83 

Mean         1.02  0.83  1.13  0.84 

Cov         0.01  0.05  0.17  0.16 

Sp. # 

D 

(mm) 

B 

(mm) 

tc 

(mm) 

Lc 

(m) 

EC3 

Class 

𝑃𝑢,𝐸𝐶3 

(kN) 

CSA 

Class 

𝑃𝑢,𝐶𝑆𝐴 

(kN) 

AISC 

Class 

𝑃𝑢,𝐴𝐼𝑆𝐶  

(kN) 

GB 

Class 

𝑃𝑢,𝐺𝐵 

(kN) 
Grade 

𝑃𝑢 

(kN) 

𝛥𝑢 

(mm) 

FD33 200 200 8 1.0 C1 4669 C2 4174 NS 4610 B 4577 235 3759 12.2 

FD114-1 200 200 8 1.5 C1 2303 C2 2059 NS 2269 B 2231 235 1804 7.6 

FD115-2 200 200 8 1.5 C1 4606 C2 4118 NS 4538 B 4462 235 3849 11.0 

FD116-3 200 200 8 1.5 C1 6908 C2 6178 NS 6807 B 6693 235 6057 7.2 

FD117-4 200 200 8 1.5 C1 9211 C2 8237 NS 9075 B 8924 235 7978 7.9 

FD35 200 200 8 2.0 C1 4510 C2 4025 NS 4438 B 4330 235 3733 13.2 

FD36 200 200 8 3.6 C1 4105 C2 3481 NS 3960 B 3810 235 3922 12.5 

FD52 200 200 9 1.5 C1 5153 C2 4118 NS 5077 B 4992 235 4252 14.4 

FD49 200 200 5 1.5 C4 1506 C4 1345 S 2268 B 2836 235 1377 19.3 

FD50 200 200 7 1.5 C2 4052 C3 3624 NS 3992 B 3926 235 2969 11.6 

FD61 150 150 8 1.5 C1 3331 C1 2973 NS 3278 C 3055 235 3630 9.2 

FD62 180 180 8 1.5 C1 4097 C2 7329 NS 4037 B 3957 235 3782 10.0 

FD63 250 250 8 1.5 C3 5876 C3 5239 NS 5780 B 5721 235 3994 11.0 

D, B, Lc, and tc define the columns' length, width, height, and thickness; d, b, tt, and Lt denote shear keys' length, width, 

thickness, and height; Es, fy, fu, Pu, Pu, FE, Pu, EC3, Pu, CSA, Pu, AISC, Pu, GB, Ke, Ke, FE, Δu, Δu,FE, DI, DIFE, and Cov define elastic 

modulus, yield strength, ultimate strengths, ultimate resistance via experiment, FE, EC3:1-1, CSA S16, AISC360-16, and 

GB50017, initial stiffness via experiment, FE, axial shortening via experiment, FE, ductility index via test, FE, and 

coefficient of variation, respectively. 
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 249 
(a)  Test and LVDTs details of shear-keyed grouped tube columns 250 

 251 
(b) Positions of vertical & horizontal strain gauges 252 

Fig. 4 Axial compression tests design of shear-keyed grouped tubular columns 253 

2.3 Material properties 254 

Because the specimens were made of mild steel, their mechanical properties may 255 

impact their performance. Therefore, the steel coupons were designed following the 256 
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were used to assess test findings and generate FEM. Although the cross-section and 259 

thickness of the test columns were similar, three coupons were made due to the 260 

constructional tolerance effect. Table 1 shows the average of the obtained parameters. 261 

The test setup for steel coupons is shown in Fig. 5(a). Furthermore, Fig. 5(b,c) depicts 262 

steel coupon failure modes and tensile stress-strain curves. This shows that geometric 263 

imperfection considerably affects the strength and ductility of mild steel, whereas 264 

failure modes and initial stiffness are unaffected. 265 

 266 
(a) Details of steel coupons test setup  267 

 268 
(b) Steel coupons behavior 269 
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 270 
(c) Test stress-strain curves and FE material model 271 

Fig. 5 Material testing and representative stress-strain curves 272 

2.4 Test setup of shear-keyed tubes  273 

Figures 4(a) and 6(a,b) depict a schematic and real-time view of compression tests 274 

conducted on a 1500t axial compression testing machine (CTM) at Tianjin University's 275 

structural engineering laboratory. Specimens manufactured in the yard were transported 276 
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between tightly supported machine beams. The CTM's upper beam could be adjusted, 278 

while the lower beam could only be used to exert pressure via the jack. Steel bolts were 279 

inserted and screwed into the connecting plates after the specimens were installed. Bolts 280 
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generated automatically since the 1500t CTM used a hydraulic jack to apply pressure 285 
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and measuring instrument precision was validated by applying a preload of 0.2Pu. 289 

Specimens were held for two minutes after reaching preload before being completely 290 

unloaded for two minutes. Following a monotonic vertical force loading until yielding, 291 

a 0.5 mm/min progressive displacement loading was applied until peak strength (fall to 292 

85% of Pu) was attained. The yield point and criteria for managing displacement 293 

loading were considered at the end of the linear elastic area of load-end shortening 294 

curves and the beginning of the nonlinear portion. The load cell installed in the machine 295 

was used to measure reaction forces, which were then shown as an output data file.  296 

Strain gauges on specimens examine structural deformation and stress fluctuation over 297 

time, as seen in Fig. 6(a,b) [78]. The stress rise measured by strain gauges revealed the 298 

force transfer mechanisms during the load application. After altering the shear-key 299 

parameters, several strain gauges were installed to measure stress development during 300 

the test. Strain gauges were positioned in areas with the most significant deformation 301 

compared to other sites using pre-test FEM stress prediction. During the testing, strain 302 

gauge data was collected to assess local buckling and yielding strain [79]. Local 303 

buckling can be outward or inward; a strain gauge reveals whether it occurred before 304 

or after yielding to investigate elastic or plastic buckling. Each specimen was fitted with 305 

a significant number of strain gauges to ensure that at least one strain gauge was situated 306 

in possible buckling zones. If not, the strain history of other strain gauges must be 307 

monitored regularly for irregularities or nonlinear reactions. Strain gauges were 308 

mounted circumferentially on column portions with and without shear keys to examine 309 

relative stress and deformation patterns. Because the columns were susceptible to in- 310 

and out-of-plane local buckling, strain gauges were attached to the front, right, and back 311 

of the right and the front, left, and back of the adjacent left column. Due to a lack of 312 

available workspace, the inner sidewalls, right side of left column, and left side of right 313 
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column lacked strain gauges. In the vertical direction, strain gauges were evenly 314 

distributed on tubes about a quarter of the distance from the upper, central, and lower 315 

positions. In the horizontal direction, strain gauges were attached at mid-height. For 316 

FD1, which lacked a shear key, strain gauges were mounted at 100-150 mm similar to 317 

those on the edges of FD3 since it was expected that the stresses would be compared 318 

when investigating the shear-key effect. For FD2 and FD4, strain gauges were 319 

circumferentially positioned to the tube's edges based on shear-key height, such as 125 320 

mm for FD2 and 100 mm for FD4, to analyze stress fluctuation between regions with 321 

and without shear keys. There were thirty-two strain gauges installed on the FD1, FD2, 322 

FD3 and FD4. Figure 4(b) depicts the location and distances of these strain gauges. 323 

To measure the amount of deflection or the global buckling of both tubes, horizontal 324 

linear variable differential transducers (LVDT) were positioned vertically on the 325 

neighboring tubes on both adjacent sides at the tubes' mid, top, and bottom quarter 326 

heights. Additionally, it was intended to measure the length shortening of grouped tube 327 

specimens; therefore, a vertical LVDT was installed on the machine, as shown in Figs. 328 

4(a) and 6. The load offered by CTM and the vertical displacement provided by LVDT 329 

were used to create the end-shortening curves. A data recorder was employed to capture 330 

the deflections, reaction forces, shortening, and strains. 331 
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 333 
Fig. 6 Axial compression test setup of shear-keyed grouped tubes in MSS 334 

3 Experiment outcomes 335 

3.1 Specimens failure modes 336 

Figure 7(a) shows FD1 welded grouped column failures. It shows that both 337 

neighboring tubes displayed outstanding buckling resistance and rigid connection that 338 

prevented global buckling. After severe local buckling, a tube at mid-height showed in-339 

plane buckling, possibly due to the adjacent column effect. Both tubes' main failure 340 

modes were symmetrical in shape and position, such as local inward and outward 341 

buckling at 100 mm at the opposite loading side, as validated by higher strain values at 342 

the quarter length. Each side exhibited only one form of local buckling, and the 343 

opposing sides showed the same failure pattern. Contrary, neighboring faces showed 344 

the reverse trend. Both tubes' front and back sides bulged out, followed by the 345 

neighboring tubes' interior and exterior sides' inward buckling, preventing adjacent 346 

columns from colliding. No other locations showed buckling, and all yielded before 347 

ultimate strength, indicating local plastic buckling. 348 
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Figure 7(b) depicts failure modes of FD2 shear-keyed grouped tubes, revealing that the 349 

tubes exhibited slight in-plane bending after substantial local buckling caused by 350 

rotation around shear keys due to nonrigid constraints. The tubes' principal failure 351 

modes were symmetrical but positioned differently. They displayed local-inward and 352 

outward S-shaped buckling on each side from shear-key mid-height, 125 mm, to 1/4 of 353 

the tube's height, 375 mm, on the opposite loading end. Failure on opposite sides was 354 

identical; however, dissimilar on the tubes' neighboring faces but more apparent on one 355 

side than the other. This was consistent with the different strains on opposing faces. 356 

Both columns buckled symmetrically; thus, bulged regions on the interior sides showed 357 

contact. However, the buckling of one column adjusts the other column's location, 358 

avoiding collision and resulting in double S-shaped buckling. Columns capacity is 359 

unaffected because severe local buckling does not contribute to load resistance. Some 360 

shear key sections did not yield, demonstrating a stress concentration that caused elastic 361 

buckling. On average, shear keys reported higher stress values, implying tube shearing. 362 

Figure 7(c) shows the FD3 shear-keyed grouped tube failure scenario, demonstrating 363 

that one tube experienced in-plane global buckling while the other did not. In both tubes, 364 

no out-of-plane global buckling was noticed. The tubes' principal failure was caused by 365 

inward and outward buckling at upper and lower shear-key sites. One tube displayed 366 

two opposing trends of local bucklings, such as bulging out of the front at 150 mm with 367 

bulging in at 500 mm and bulging in of the side at 150 mm, followed by bulging out at 368 

500 mm. Another tube showed local inward and outward S-shaped buckling, identical 369 

on opposing sides and opposite on adjoining sides. A tube's global and asymmetric local 370 

buckling prevented adjacent columns from colliding. The behavior was non-uniform, 371 

resulting in failure modes near shear-key edges and between 1/4 and 1/2 of the tube 372 

height. Load-strain curves revealed most regions yielding or elastic buckling. 373 
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The failure modes of FD4 shear-keyed grouped tubes are depicted in Fig. 7(d), which 374 

shows no evidence of in- or out-of-plane global buckling. A modest increase in shear-375 

key thickness and length displayed uniform force transfer and shear-key yielding, as 376 

reflected by comparable strain. The primary failure modes were symmetrical but 377 

slightly differed in position, which was consistent with FD2. They generally displayed 378 

a pair of local-inward and outward S-shaped buckling on each side starting from the 379 

shear-key edge, i.e., 150-200 mm. Failure was identical on opposite sides yet opposite 380 

on adjacent faces. Besides, both columns bulged out on the interior sides, preventing 381 

collisions, and resulting in double S-shaped buckling. Shear key regions resulted in 382 

larger stress, indicating the shearing effect or elastic buckling. Furthermore, decreasing 383 

the shear-key length reduced tube capacity, confirming the shear-key significance. 384 
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 386 

 387 

b) FD2 specimen
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 388 
Fig. 7 Failure modes of shear-keyed grouped columns under axial compression (LB, 389 

local buckling; IB, inward buckling; OB, outward buckling; S-shaped, sinusoidal-390 

shaped) 391 

3.2 Load-shortening curves of shear-keyed grouped tubes 392 

Figure 8(a-d) illustrates the shortening behavior of the specimens. Figure 8(e) depicts 393 

the generalized curves indicating that both type A and type B curves possess a linear 394 

elastic (I), a nonlinear (II), and a recession (III) zone. To group specimens, the starting 395 

point of the nonlinear branch (elastic) and the length of the second (nonlinear) and third 396 

(recession) stages of the P-Δ curves are considered. FD1, FD2, and FD3 are categorized 397 

as type A, whereas FD4 is classified as type B. The term P indicates the load, and the 398 

Δ defines shortening. These figures demonstrate that P grows linearly during the linear 399 

elastic stage until the yield stage Py is achieved. It reveals that the length of the elastic 400 

state was shorter in specimens of type B, resulting in earlier yielding than in type A. 401 

This may be due to the shear-keyed tubes' decreased buckling strength because of the 402 

shortest height, which limits the specimen's elastic zone and causes it to yield early due 403 

to the weak combined action of the tubes and shear keys. After Py, the P-Δ curves reveal 404 
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a parabolic shape until they reach their ultimate loads Pu; concurrently, local buckling 405 

commences when the specimen achieves its compression capacity. After the nonlinear 406 

phase (stage II) for both curves, columns at various locations exhibit local elastic or 407 

plastic buckling. Local buckling begins in one tube, followed by symmetrical or 408 

asymmetrical initiation in neighboring tubes. However, neighboring tube buckling and 409 

surface contact do not affect the ultimate strength development. Contrary to their elastic 410 

state, type B curves have greater ultimate strength than type A curves. This favorable 411 

result may be attributable to the shear keys' moderate cross-section, which increased its 412 

strength by postponed buckling until complete yielding to fully utilize the tube's 413 

capacity. In contrast to the final stage, the nonlinear stage of type A specimens is longer 414 

than that of type B, indicating higher ductility. This is demonstrated by the specimens' 415 

ductility index (Δu) in the pre-ultimate regime, which accompanies the transition from 416 

a linear to a nonlinear state. Table 1 indicates that increasing the rigidity of tubes with 417 

a thicker shear-key increases compression strength but decreases ductility due to 418 

substantial shear stresses on the tubes once buckling begins. After the second nonlinear 419 

stage, the tube's local inward or outward bowing has occurred, and the specimen has 420 

reached Pu. During the third recession stage, a decrease in Pu is accompanied by intense 421 

local buckling. As noted in the generalized curves and Table 1, the ductility index (DI) 422 

of type A and type B specimens differ significantly in the post-ultimate capacity stage. 423 

In contrast to type A curves, which have a longer and smoother recession zone, type B 424 

specimens have a pronounced, rapid fall in capacity once they reach their ultimate stage. 425 

This may result from the reduced shear key and tube working effect reported in FD4 426 

due to the shorter shear key, indicating that tubes cannot provide resistance after 427 

buckling.   428 
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3.3 Load-strain curves of shear-keyed grouped tubes 429 

The vertical and horizontal axial load versus strain curves are summarized in Fig. 9(a-430 

d). It highlights information about the strain values and areas with prominent inward 431 

and outward buckling. Strain curves offer the same information as failure modes. When 432 

measured with strain gauges, it is also possible to gain information regarding the 433 

yielding or buckling of the location that is not readily apparent. It can be seen that all 434 

curves exhibit three distinct working phases: linear, nonlinear, and recession. As the 435 

load grew, the stresses rose linearly until they neared the nonlinear phase for achieving 436 

the ultimate resistances. The inversion, overturning, or abrupt decline of the strain curve 437 

indicates the existence of local buckling. Curves that turn behind or close to the yield 438 

strain imply elastic buckling. In contrast, plastic buckling occurs when the overturning 439 

curves surpass the yield strain. Moreover, overturning curves during the recession 440 

shows the onset of severe local plastic buckling. The S-shaped buckling exhibited by 441 

curves supported failure modes guided by grouped tubes, validating that inward and 442 

outward local buckling failures occurred sequentially in most shear-keyed tubes. 443 

BRBV-1 and BRBV-2 in FD2; BRBV-1 and BRBV-2 in FD3; and FLBV-1 and FLBV-444 

2, FRBV-1 and FRBV-2, and SLTV-1 and SLTV-2 in FD4 validated the presence of 445 

S-shaped buckling. According to FD4, this pair of inward and outward buckling, such 446 

as FLBV-2, FRBV-1, and SLTV-1 (FLBV-1, FRBV-2, and SLTV-2), demonstrate 447 

local elastic (plastic) buckling. 448 

In EC3, elastic buckling is permitted for Class 4; yielding and plastic buckling is 449 

allowed for Class 3 members. Since the grouped tubes are not Class 4 members, elastic 450 

buckling and no yielding would contradict EC3 slenderness limits. Numerous sections 451 

of FD2 exhibited elastic buckling and failed to attain yield, including FLTV-2, SRTV-452 

2, and SRMV. FRTV-2 in FD3 and FLMH, FLMV, FRTV-1, FRMV, SLTV-1, and 453 
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SRML in FD4 also exhibited local elastic buckling. It demonstrates that shear-keyed 454 

grouped tubes failed to meet the EC3 criterion due to elastic buckling, which can be 455 

prevented by having no shear-key or adjusting shear-key tt and Lt to moderate values, 456 

as indicated by FD3 and FD2 vs. FD4. Most FD1 welded grouped tube regions yielded 457 

and exhibited local plastic buckling. However, due to the influence of neighboring 458 

columns, the tube on the backside (BLBV) showed elastic buckling, demonstrating 459 

traditional column behavior variation attributable to neighboring or cluster column 460 

characteristics. This supports the non-conservatism of conventional codes, even for 461 

non-welded and welded grouped tubes supported with or without shear keys, and 462 

necessitates updating classification limits and proposing new sets of equations for the 463 

conservative design of shear-keyed grouped tubular columns in MSS. 464 
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 465 
Fig. 8 Axial shortening curves of shear-keyed grouped tubes 466 

a) FD1 specimen b) FD2 specimen

c) FD3 specimen d) FD4 specimen
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 467 a) FD1 specimen
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 468 b) FD2 specimen
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 469 c) FD3 specimen
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 470 
Fig. 9 Load versus strain curves of shear-keyed grouped tubes  471 

d) FD4 specimen
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 472 

a) FD1 specimen

b) FD2 specimen
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 473 
Fig. 10 Load versus deflection curves of shear-keyed grouped tubes  474 

c) FD3 specimen

d) FD4 specimen
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3.4 Lateral deflection curves of shear-keyed tubular columns 475 

Figure 10(a-d) displays the load-deflection curve for each specimen in the front and 476 

side directions of the two neighboring tubes. These curves were used to determine 477 

whether or not buckling and lateral deflection were observed. The operating mechanism 478 

of the curves revealed linear and nonlinear stages but no recession phase. Due to the 479 

tubes' height, the columns' failure was limited to local buckling and not global buckling 480 

due to the more excellent compressive resistance. In contrast, the recession stage can 481 

only be prolonged if global buckling cause failure. As the load increases, the length and 482 

width deflection of the tube also increases. When the ultimate capacity is reached, this 483 

deflection remains steady, followed by a load and deflection increment stoppage. No 484 

noticeable in- or out-of-plane global buckling occurred, and specimens failed due to 485 

local buckling. Additionally, the degree of rotation variation due to non-welding or 486 

partial welding around shear keys can result in non-identical deflections displayed by 487 

adjacent columns on either side. Moreover, as the load grew, the stiffness of each curve 488 

of the two neighboring tubes dropped distinctly. The grouping effect and the non-489 

welded shear keys revealed that square tubes behaved differently on each side and from 490 

adjacent columns. FD3 displayed a more remarkable resemblance between adjacent 491 

tubes' length and width deflections. This indicates that employing extremely rigid shear 492 

keys can enhance column uniformity, yet, column uniformity can suffer if shear-key 493 

stiffness is decreased. The curve's deflection and rigidity marginally validate the test 494 

failure modes. Notably, FD1 and FD2 failed near edges, as indicated by relatively 495 

greater FU-L, FU-R, and SB-R deflections. FD3 buckled near edges and at 1/4 to 1/2 496 

column height, with the highest deflection indicated by FM-L, FM-R, SM-L, FB-R, 497 

SU-L, and SU-R. FD4 failed near edges, with FU-R, SU-R, and SU-L indicating 498 

maximum deflection. 499 



 

35 

 

3.5 Compressive resistance (Pu), axial shortening (Δu), initial stiffness (Ke), and 500 

ductility index (DI)  501 

The load-shortening curves can calculate the ultimate load capacity (Pu) and axial 502 

shortening (Δu). Since shear-keyed grouped tube shortening curves exhibit linear 503 

behavior up to 80% of Pu, the initial stiffness (Ke) can be determined using Eqn. 1. Eqn. 504 

2 can also be utilized to determine the ductility index (DI). The pre-and post-ultimate 505 

ductility is represented by the indices Δu and DI. The Pu, Δu, Ke, and DI values of the 506 

shear-keyed grouped tubes for the tested specimens are listed in Table 1[80,81]. 507 

𝐾𝑒 =
𝑃45%

∆45%
⁄  (1) 

𝐷𝐼 =
∆85%

∆𝑢
⁄  (2) 

where 𝑃45%, ∆45% and ∆85% denote the 45% load of Pu, axial shortening at 𝑃45%, and 508 

shortening at 𝑃85%, which can be determined using the method presented in Fig. 8(f) 509 

[82]. Table 1 demonstrates that tt and Lt have a considerable effect on the axial behavior 510 

of tubes, increasing Pu while decreasing Δu, Ke, and DI. FD2 and FD4 have a greater 511 

capacity than FD3 but less than FD1, which indicates that shear-key tt and Lt improve 512 

tubes' compressive resistance. Still, their boundary conditions are weaker because they 513 

allow rotation. Columns without shear keys do not experience internal shear stresses or 514 

neighboring column weakening before buckling. This is because tube edge rigidity has 515 

risen. 516 

4 Finite element analysis on shear-keyed grouped tubes compression behavior 517 

Although the test provided valuable data, but not sufficient to support further research 518 

on shear-keyed grouped tubular columns. Using test failure modes, ultimate strength, 519 

strain, and LVDT data, a reliable FEM is generated to extend the study's range and 520 

evaluate parametric influence, which is difficult to discover from testing solely. The 521 

FEM is used to validate and support test conclusions. 522 
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4.1 General 523 

The commercially available FE software ABAQUS was used for the finite element 524 

analysis (FEA) [83]. For modeling, ABAQUS/CAE was used. Linear elastic eigenvalue 525 

buckling analyses were conducted utilizing the subspace iteration approach to extract 526 

the buckling modes. Riks method was employed in the nonlinear analysis to discover 527 

the load-shortening behavior. 528 

 529 
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 531 
Fig. 11 Shear-keyed grouped tubes developed FEM  532 

4.2 Mesh sizes 533 

Shear-keyed grouped tube mesh models comprised of steel tubes, connecting plates, 534 

and grouped shear keys welded to connecting plates, as shown in Fig. 11. Figure 11(a) 535 
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Fig. 11(c) shows details of column quantity. All components utilized deformable solid 537 

hexagonal structural mesh controls with an eight-node linear brick, reduced integration, 538 

and Hourglass Control Element Type (C3D8R), a recognized tool for simulating IMC 539 

and MSS structural components [35,36]. Because it affects FEA precision, the element 540 

size was carefully considered. As stated in the approach, different mesh sizes were 541 
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employed [14–16]. A mesh study using types A, B, C, and D was undertaken with 100, 542 

150, and 250 mm Lt to achieve precise mesh density. The P-Δ curves are depicted in 543 

Fig. 12(a). Figure 12(b) presents the Pu, Ke, Δu, and DI ratios. The failure modes are 544 

shown in Fig. 12(c). Four mesh type comparisons—A, B, C, and D—show that the Pu 545 

and Ke of FEA-generated curves drop and rise as mesh size decreases or increases. For 546 

example, as mesh size rises from 10 to 18, 25, and 35 mm for types A to B, C, and D, 547 

Pu (or Ke) increases by 87% to 143%, and 192% (80% to 147%, and 175%) with 100, 548 

80% to 147%, and 175% (39% to 114%, and 92%) with 150, and 81% to 160%, and 549 

201% (25% to 81%, and 88%) with 250 mm Lt. It also indicates Δu initially fluctuates 550 

between fine meshes; however, it reduces from 9% to 48%, 26% to 24%, and 24% to 551 

27% as mesh size increases from 10 to 25 and 35 mm. Meanwhile, DI ratios scatter, 552 

indicating weaker agreement throughout the recession period. Additionally, the failure 553 

modes varied. It reveals that the failure modes of type A and B mesh models are located 554 

at the mid-height, but types C and D display local buckling on the column ends. Failure 555 

modes, P-Δ curves, Pu, Ke, Δu, and DI of type C mesh sizes yielded results similar to 556 

those of the tests in Table 1. Due to test validation accuracy and computational 557 

efficiency, FEM uses type C with a maximum size of 25×25×t and a minimum of 25×t×t 558 

for tubes. A non-calibrated FEM would provide inaccurate results, emphasizing the 559 

importance of shear-keyed grouped tube testing. 560 

 561 
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 564 
Fig. 12 Influence of mesh size  565 

c) Mesh size effect on failure modes of similar tubes
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4.3 Finite element model 566 

The bottom region was allowed to move vertically, enabling shortening, while the top 567 

and bottom plates were restrained in all other directions. A column edge-coupling 568 

constraint reference point experienced displacement loading. Shear keys and 569 

connecting plates were welded in FD2, FD3, and FD4 specimens, whereas plates and 570 

tubes were welded in FD1. Therefore, surface-to-surface contact was used to create a 571 

"tie constraint" for fusing them. In the mentioned studies, the interaction of a column 572 

with connecting plates, a column with another column internally, and a column with 573 

shear keys were modeled as surface-to-surface with "hard contact" as the normal and 574 

"finite sliding" by "penalty friction formulation" as the tangential behavior [35,84]. This 575 

facilitates pressure transfer between different components. The P-Δ curves in Fig. 13 576 

indicate the effect of the friction coefficient between shear keys and tube surfaces at Lt 577 

of 100, 150, and 250 mm. As the friction coefficient rises from 0.1 to 0.2, 0.3, and 0.5, 578 

it displays a slight marginal improvement in Pu of less than 0.07%. For a Lt of 100 mm, 579 

the improvement in Ke and deterioration in DI reached 9% and 19%, respectively. In 580 

contrast, it resulted in an increase in Δu of 0% (2%, 1%), 9% (6%, 9%), and 6% (5%, 581 

12%) for Lt of 100 (150, 250) mm. This is because the steel elastic modulus regulates 582 

the majority of internal friction and determines cross-sectional stiffness and ductility 583 

[82]. Thus, the exact friction coefficient was chosen to be 0.3. 584 

Moreover, because the tubes and shear keys are made from hot-rolled steel sections, 585 

they have homogeneous material properties, are ductile and durable, have tight corner 586 

radii, and have minimal bending residual stresses [85]. The residual welding 587 

deformation did not influence member resistance; thus, the FEM capacity with and 588 

without residual effects did not differ more than 1% [86]. Therefore, the modeling 589 
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ignored bending and residual stresses due to their minimal impact on validations [81], 590 

like the study on the MSB [11].  591 

 592 
Fig. 13 Influence of friction and connecting plate 593 

4.4 Material simulation  594 

Shear-keyed grouped tube components using an elastic-plastic model with kinematic 595 

hardening based on the von Mises yield criterion, with material definition required the 596 

properties specified in Table 1. As shown in Fig. 8(f), Eqns. 3 and 4 replace the 597 

engineering stress-strain values with a bi-linear true stress-strain. Poisson's ratio equals 598 

0.3. 599 

 𝜎𝑇 = 𝜎𝐸(1 + 𝜀𝐸) (3) 

 𝜀𝑇 = ln(1 + 𝜀𝐸) −
𝜎𝑇
𝐸𝑠

 (4) 

where 𝜎𝑇  and 𝜀𝑇  define true stress-strain while 𝜎𝐸  and 𝜀𝐸  indicate Engineering 600 

stress-strain. 601 

4.5 Initial imperfection modeling 602 

The test specimens were hot-rolled, non-welded tubes with shear keys inserted at both 603 

ends. Since both the tubes and the shear keys contribute to compression resistance and 604 

have a possibility of developing initial defects, it is challenging to evaluate 605 

imperfections by moving the LVDT along the uneven surface [81]. Moreover, due to 606 

the high-quality installation, severe defects are practically inevitable in MSS; 607 

consequently, it is essential to investigate the effect of excessive imperfection on shear-608 
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keyed grouped tube compression behavior. Design standards suggest various initial 609 

imperfections covering members out-of-straightness, varying between 1/500 and 1/200, 610 

with L/1000 recommended for global imperfections and L/1996 reported for hot-rolled 611 

members [87]. It is reported that an amplitude equal to L/1000 produces the most 612 

precise findings [88]. Thus, following these studies, initial imperfections were modeled 613 

and compared with the test results to obtain accurate amplitude. Therefore, tube 614 

imperfection in Ref. [12] dealing with hot-rolled tubes in MSB and cold-formed tubes 615 

in Ref. [53] were compared to obtain the accurate conservative imperfection amplitude 616 

shear-keyed grouped tubes. Theofanous and Gardner [53] suggested local and global 617 

imperfections attributed to cross-section thickness (t) or height (L) and eccentricity (e). 618 

The study selected tubes thickness (tc) values of t/100, t/10, t/5, t/2, and t; tube height 619 

(Lc) values of L/2000, L/15000, L/1000, and L/500; and eccentricity (e) values of D/20, 620 

D/8, and D/4, and compared the test results. In the study, t was tc, and L was Lc. Figure 621 

14(a-c) depicts the impacts on P-Δ curves, whereas Fig. 16(a-f) displays Pu, Ke, Δu, and 622 

DI. It was discovered that increasing amplitude from t/100 to t/10, t/5, t/2, and t lowered 623 

Pu (or Ke) by 2% to 5%, 10%, and 17% (3% to 7%, 19%, and 33%). Whereas increasing 624 

from L/2000 to L/1500, L/1000, and L/500 dropped Pu (or Ke) by 1% to 2% and 6% (1% 625 

to 4% and 12%). Additionally, increasing from t/100 to t/10, t/5, t/2, and t, and L/2000 626 

to L/1500, L/1000, and L/500 did not influence DI but raised Δu by 1% to 21%, 50%, 627 

and 111%, and 5%, 25%, and 53%. Compared to the test, the initial imperfection of 628 

7/8t or 7L/1500 is optimal for predicting capacity.  629 

Eigenmode analysis yielded initial buckling modes in Fig. 15(a,b) for welded and 630 

shear-keyed grouped tubes. They were used to compare with test failure modes, 631 

determine the failure mode closest to the test failure mode, and apply the imperfection 632 

amplitude to nonlinear analysis. Then, the nonlinear Riks analysis chose the closest 633 
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buckling mode derived from the buckling analysis and compared it to the test failure 634 

modes in Fig. 7(a-d) for the imperfection amplitude input. Comparing the test failure 635 

modes with each load-shortening curve in Fig. 8(a-d) for each specimen yields 636 

geometric imperfections. Failure modes can vary, such as this study selected 1st 637 

buckling mode for FD1 and FD3 and 3rd for FD2 and FD4 depending on the position 638 

of buckling; the imperfection amplitude determined in Fig. 14 was utilized for all 639 

specimens and models examined in Table A1 that estimated their P-Δ curves with 640 

reasonable accuracy. This approach has been applied in numerous studies, such as 641 

Arrayago et al. [87], Lyu et al. [11], Theofanous et al. [53], Lyu et al. [12], and Yan et 642 

al. [81], for applying and determining the initial imperfections. 643 

 644 
Fig. 14 Influence of initial imperfection 645 

 646 
Fig. 15 First four buckling modes 647 
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 648 
Fig. 16 Influence of initial imperfection 649 

4.6 Validations 650 

Four large-scale shear-keyed grouped tube axial compression tests failure mechanisms 651 

and shortening curves are used for validations. Table 1 and Figs. 8(a-d) and 17 652 

illustrate the test-to-FEA load-shortening curves and dispersion ratios of Pu, Ke, Δu, and 653 

DI. It demonstrates the FE's average estimations for Pu, Ke, Δu, and DI during four 654 

testings, 1.02, 0.83, 1.13, and 0.84. Ratios greater than 1.0 show that FE is slightly 655 

overestimated, while ratios less than 1.0 reveal that the test has been overestimated. It 656 

indicates that the FE produced average minor prediction errors of 1.8% for Pu and 8.6% 657 

for Δu but substantial scatters and overestimates for Ke and DI with an average of 20.9% 658 

and 22.4%. This was primarily due to issues over soft support, material model and gap 659 

variance, geometric simplifications, and initial imperfections. 660 
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Figure 18(a-d) compares the FEA-obtained deformed shapes and von Mises stress 661 

distributions of shear-keyed grouped tubes to the experimental outcomes. It 662 

demonstrates that the developed FEM can accurately predict both neighboring tubes' 663 

symmetrical and unsymmetrical deformed shapes and failure locations. For instance, 664 

local inward and outward buckling at shear-key edges or mid, column mid-height, and 665 

1/4 to 1/2 column height. It also accurately anticipated the S-shaped sinusoidal failure 666 

mode with sequential inward and outward buckling pairs. These validations reveal that 667 

the proposed FEM accurately predicts the compression behaviors of shear-keyed 668 

grouped tubes. 669 

 670 
Fig. 17 Comparisons of test to FE-predicted scatters 671 
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 675 
Fig. 18 Comparisons of test to FE-predicted failure modes 676 

5 Discussions using parametric analysis 677 

5.1 Investigated parameters and behaviors 678 

The effects of shear-key thickness and height, length-to-width ratios, tubes-key gap, 679 

steel tube thickness, height, and length-to-width ratios, columns spacing, number, and 680 

connecting plate thickness on the compressive behavior of shear-keyed grouped tubes 681 

were studied using validated FEMs. These FEMs are categorized into nine groups by 682 
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these indexes would be the emphasis. Supplementary Table A1 lists further 692 

information about parameters and Pu, Ke, Δu, and DI for these models. 693 

5.2 Typical failure behavior 694 

The failure modes of stubs, intermediate, and long shear-keyed grouped tubes are 695 

summarized in supplementary Fig. B1. It demonstrates that there was no noticeable 696 

global buckling detected. Because of nonrigid constraints, the tubes rotated slightly 697 

around shear keys. Neighboring tubes exhibited symmetrical or asymmetrical local 698 

inward and outward buckling, confined at shear-key edges or 1/4 to 1/2 column height 699 

in both tubes' top or bottom locations. Furthermore, all tubular columns with 1, 2, 3, 700 

and 4 shear-keyed tubes demonstrated visible S-shaped local inward and outward 701 

buckling, identical on opposing tube sides while opposite on nearby faces. In short and 702 

intermediate columns, the S-shaped failure was more obvious than in long tubes. 703 

Furthermore, tubes on two, six, and eight surfaces in two, three, and four columns 704 

contact each other without penetration, exhibiting a coupled S-shaped failure. Long or 705 

large cross-section tubes have stress localization at the shear keys end, causing local 706 

buckling. While the column's or shear-key height is reduced or increased considerably, 707 

the behavior becomes uniform, extending the failure away from the edges to mid or 708 

between 1/4 and 1/2 height. 709 

5.3 Influence of shear-key 710 

5.3.1 Shear-key thickness (Δtt) 711 

Figures 19(a-c) illustrate the influence of the tt (5, 10, 35, 180 mm) on the P-Δ curves. 712 

Figure 20(a-d) shows its effect on the Pu, Ke, Δu, and DI ratios with varied Lt. Raising 713 

tt positively impacts Pu and Ke but negatively influences Δu and DI. These findings are 714 

entirely compatible with test findings. As the tt increases from 5 to 35 and 180 mm, the 715 

Pu (Ke) increases by 4% and 4% (10% and 3%), 29% and 13% (13% and 6%), and 34% 716 

and 24% (67% and 59%) with 100, 150, and 250 mm Lt. This is because increasing the 717 
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tt value increases steel content, reduces slenderness and improves overall compressive 718 

resistance. However, the impact on Δu (and DI) was negative, with falls of 38% and 9% 719 

(60% and 53%), 43% and 3% (31% and 11%), and 52% and 50% (21% and 10%) for 720 

100, 150, and 250 mm Lt. Increasing shear-key rigidity results in plastic buckling rather 721 

than elastic. This increases tube yield strength while decreasing buckling strain and 722 

recession, reducing Δu and DI. 723 

 724 
Fig. 19 Effect of Δtt  725 

 726 
Fig. 20 Effect of Δtt  727 

a) Lt=100 mm b) Lt=150 mm c) Lt=250 mm
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5.3.2 Shear-key length (ΔLt) 728 

Figures 21(a-d) demonstrate the Lt contribution to the P-Δ curves. Figure 22(a-d) 729 

shows its influence on the Pu, Ke, Δu, and DI ratios with various tt. It indicates that 730 

increasing Lt has a large positive impact on Pu and Ke but a weaker relationship on Δu 731 

and DI. These are completely compatible with test findings indicating as the Lt grows 732 

from 50 to 100, 200, and 400 mm, the Pu (Ke) increases by 1% (2% ), 3% (7% ), 3% 733 

(7% ) and 13% (48% ), with 5 mm tt, and 1% (2% ), 2% (1% ), 2% (1% ) and 13% 734 

(8% ), with 180 mm tt. Increasing the Lt value promotes overall buckling resistance due 735 

to shear keys' enlargement, making a connecting plate to the tube joint more rigid. 736 

Furthermore, modifying Lt had a minimal effect on the Δu and DI, yet, the impact on Δu 737 

of the 5 mm tt was noteworthy by dropping to 1 %, 12%, 12 %, and 53% because the 738 

shear key tube offered lesser contact length, reducing buckling strain, which reduces 739 

ductility, as demonstrated in Figs. 9 and 22. 740 
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 741 
Fig. 21 Influence of ΔLt  742 

a) tt=5 mm b) tt=10 mm

c) tt=35 mm d) tt=180 mm
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 743 
Fig. 22 Influence of ΔLt  744 

5.3.3 Shear keys length to width (d×b) 745 

Figure 23(a-e) shows the impacts of d and b for Lt of 100, 150, and 250 mm. It reveals 746 

that Pu and Ke decrease linearly as the d and b values decrease since the spacing between 747 

the shear-key and tube expands from 0 to 4 and 6 mm, respectively. For Lt of 100, 150, 748 

and 250 mm, as d and b reduced from 184 to 176 and 172 mm, the Pu (or Ke) declined 749 

by 23% to 35% (36% to 39%), 26% to 34% (51% to 45%), and 22% to 30% (41% to 750 

28%). Because decreasing d and b decreases the cross-section area and raises tube-key 751 

spacing; thus, the tube buckles elastically due to the weakening of composite action by 752 

tubes and shear keys. Furthermore, Δu rises by 84% to 71%, 170% to 113%, and 49% 753 

to 25% due to possible elastic buckling, which raises buckling strain and Δu. However, 754 

declines in d and b had a weaker relationship with DI. This is due to the varying amounts 755 

of shear stresses experienced by tubes during severe buckling. 756 

a) Effect of ΔLt on Pu b) Effect of ΔLt on Ke

c) Effect of ΔLt on Δu d) Effect of ΔLt on DI
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 757 

 758 
Fig. 23 Influence of d×b  759 

5.4 Influence of column 760 

5.4.1 Column's height (ΔLc) 761 

Figure 24(a-d) shows the contribution of Lc to the P-Δ curves. Figure 25(a-d) depicts 762 

its effect on the Pu, Ke, Δu, and DI ratios with varying Lt. It shows that increasing Lc has 763 

no significant effect on strength and ductility, i.e., Pu, Δu, and DI, while significantly 764 

reducing Ke in a linear declined pattern. With an increase in Lc from 1.0 to 1.5, 2.0, and 765 

3.6 m, the Ke at 50 mm Lt decreases by 15%, 40%, and 58%, at 100 mm Lt by 27%, 766 

31%, and 60%, at 200 mm Lt by 24%, 37%, and 60%, and at 400 mm Lt by 19%, 35%, 767 

and 57%. Reduced stiffness is because increasing Lc increase the slenderness ratio, 768 

making the column more prone to global buckling, crookedness, and P-δ or shearing 769 

effect. Moreover, boundary constraints become weaker with increased Lc. 770 

a) Lt=100 mm b) Lt=150 mm c) Lt=250 mm
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 771 
Fig. 24 Influence of the ΔLc  772 

a) Lt=50 mm b) Lt=100mm

c) Lt=200 mm d) Lt=400 mm
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  773 
Fig. 25 Influence of the ΔLc  774 

5.4.2 Column's thickness (Δtc) 775 

The effects of tc (5, 7, 8, and 9 mm) on the P-Δ curves are illustrated in Fig. 26(a-c). 776 

Figure 27(a-d) plots tc impact on the Pu, Ke, Δu, and DI ratios for Lt of 100, 150, and 777 

250 mm. It demonstrates that Pu and Ke increased linearly as the tc value increased. 778 

With an increase in tc from 5 to 7, 8, and 9 mm, the Pu (or Ke) increased by 116%, 179%, 779 

and 209% (223%, 378%, and 374%) for Lt 100 mm, 102%, 162%, and 185% (92%, 780 

217%, and 187%) for Lt 150 mm, 110%, 174%, and 198% (114%, 234%, and 223%) 781 

for Lt 250 mm. Simultaneously, Δu is fallen by 40%, 43%, and 26% for Lt 100 mm, and 782 

22%, 44%, and 0% for Lt 250 mm. In comparison, DI is risen by 35%, 71%, and 57% 783 

for Lt 100 mm, and 30%, 7%, and 22% for Lt 250 mm. Increasing tc decreases D/tc, or 784 

Lc/r, improving buckling resistance and enhancing the tubes' strength, stiffness, and 785 

post-buckling ductility. Furthermore, as tc increases from 5 to 9 mm, D/tc decreases 786 

from 40 to 22, resulting in a change from Class 4 to Class 1 cross-section.  787 
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 788 
Fig. 26 Influence of Δtc  789 

 790 
Fig. 27 Influence of Δtc  791 

5.4.3 Column length to width (D×B) 792 

The effect of changing tubes D and B (150, 180, and 250 mm) with Lt of 100, 150, and 793 

250 mm is shown in Fig. 28(a-e). It illustrates that Pu and Ke increased linearly as the 794 

D and B values increased. The Pu (or Ke) increased by 4% to 10% (9% to 27%), 8% to 795 

12% (23% to 27%), and 2% to 5% (10% to 27%) for Lt 100, 150, and 250 mm as D and 796 

B increased from 150 to 180 and 250 mm. Simultaneously, Δu showed a decrement of 797 

20% to 42%, and 10% as D and B increased from 150 to 250 mm for Lt 100, 150, and 798 
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250 mm due to the enhancement of yield strain and leading to the plastic buckling as 799 

per test findings. However, D and B showed a weak impact on DI, increasing by 6% to 800 

86% and reducing by 9% to 1%, as D and B increased from 150 to 180 and 250 mm for 801 

Lt 100 and 250 mm. This is because increasing D and B increases cross-section area, 802 

improving compression behavior. It is worth noting that increasing D/B from 150 to 803 

180 and 250 mm with a tc of 8 mm causes D/tc to increase from 18 to 22 and 31, resulting 804 

in a change in cross-section class. 805 

 806 

 807 
Fig. 28 Influence of D×B  808 

5.4.4 Columns spacing 809 

Figure 29(a-c) shows the P-Δ curves, highlighting the column spacing effect between 810 

adjacent tubes with Lt of 100, 150, and 250 mm. The impact of increasing spacing on 811 

the Pu, Ke, Δu, and DI ratios is depicted in Fig. 30(a-d). It shows that as the spacing 812 

raised from 0 to 6, 24, and 36 mm, Pu, Ke, and DI improved linearly. Pu (Ke and DI) 813 
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grows by 4% (24% and 52%) to 3% (18% and 84%), and 8% (41% and 3%), 4% (23% 814 

and 5%) to 4% (31% and 83%), and 3% (29% and 64%), and 8% (26% and 46%) to 7% 815 

(26% and 36%), and 6% (19% and 17%) as spacing raises from 0 to 6, 24, and 36 mm. 816 

Simultaneously, for Lt of 100 (150 and 250) mm, Δu falls by 38% (28% and 42%), 34% 817 

(44% and 40%), and 55% (44% and 31%). Increasing column spacings minimizes the 818 

mutual weakening of adjacent tubes and shifts failure behavior from symmetrical to 819 

unsymmetrical, boosting buckling resistance, strength, stiffness, and post-buckling 820 

ductility. However, when stiffness increases, ductility falls due to bending stresses and 821 

a reduction in buckling strain since each tube works independently. 822 

 823 
Fig. 29 Influence of neighboring columns spacing 824 

a) Lt=100 mm b) Lt=150 mm c) Lt=250 mm
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 825 
Fig. 30 Influence of columns spacing 826 

5.4.5 Columns quantity  827 

Figure 31(a-e) depicts the P-Δ curves and scatters of the Pu, Ke, Δu, and DI ratios, 828 

emphasizing the columns number effect with Lt of 100, 150, and 250 mm. Figure 32(a-829 

c) demonstrates the impact on the failure modes. Pu and Ke improved linearly as the 830 

column number increased from 1 to 2, 3, and 4. Pu (Ke) increases by 113% (59%) to 831 

236% (179%), and 342% (261%), 118% (77%) to 243% (197%), and 347% (286%), 832 

and 117% (66%) to 241% (208%), and 357% (292%). Simultaneously, the relationship 833 

between Δu and DI is weaker. Furthermore, the rise of the Pu by 2.1, 3.4, and 4.4 times, 834 

and the Ke by 1.6, 2.8, and 3.6 times confirms that increasing the number of columns 835 

increases the cumulative cross-section area, which improves compression behavior. A 836 

rise of more than 2, 3, and 4 times from individual to grouped columns confirms the 837 

favorable influence of grouped tubes. Besides, increasing the column number transfers 838 

failure from the tube's mid-height to the shear-key edges, supporting the controlling 839 

function of shear keys.  840 

a) Effect of spacing on Pu b) Effect of spacing on Ke

c) Effect of spacing on Δu d) Effect of spacing on DI ratio
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 841 

 842 
Fig. 31 Influence of columns number 843 

a) Lt=100 mm b) Lt=150 mm c) Lt=250 mm

0

4000

8000

12000

0 20 40 60

P
 (

k
N

)

Δ (mm)

1-C
2-C
3-C
4-C

1-C

D/B=200 mm

d/b=180 mm

Lc=1500 mm

Lt=100 mm

tt=25 mm

Gap=2 mm

Space=24 mm

3-C

2-C

4-C P

Δ

d

tc

24 mm

tt

2mm
b

D

B

0

4000

8000

12000

0 20 40 60

P
 (

k
N

)

Δ (mm)

1-C
2-C
3-C
4-C

1-C

D/B=200 mm
d/b=180 mm

Lc=1500 mm

Lt=150 mm

tt=25 mm

Gap=2 mm

Space=24 mm

3-C

2-C

4-C P

Δ

d

tc

24 mm

tt

2mm
b

D

B

0

4000

8000

12000

0 20 40 60

P
 (

k
N

)

Δ (mm)

1-C
2-C
3-C
4-C

1-C

D/B=200 mm

d/b=180 mm

Lc=1500 mm

Lt=250 mm

tt=25 mm

Gap=2 mm

Space=24 mm

3-C

2-C

4-C P

Δ

d

tc

24 mm

tt

2mm
b

D

B

d) Effect on Pu & Ke e) Effect on Δu & DI

0

1300

2600

3900

0

4000

8000

12000

1-C 2-C 3-C 4-C

K
e
 (
k

N
/m

m
)

P
u

 (
k

N
)

Columns (#)

100 Pu 150 Pu 250 Pu

100 Ke 150 Ke 250 Ke

0.0

1.5

3.0

4.5

0

5

10

15

1-C 2-C 3-C 4-C

D
I 

(R
a
ti

o
)

Δ
u

 (
m

m
)

Columns (#)

100 Δu 150 Δu 250 Δu

100 DI 150 DI 250 DI



 

62 

 

 844 
Fig. 32 Influence of columns number  845 

5.5 Influence of connecting plate thickness 846 

The impact of connecting plate thickness is depicted in Fig. 33, revealing increases in 847 

connecting plate thickness from 15 to 20 and 30 mm had a minor impact on Pu (Ke), 848 

with a 1% (3%) to 3% (7%) increase observed for Lt of 150 mm. Simultaneously, there 849 

is a lesser association with Δu, but there is an increase in DI, such as 21% to 7%, 44% 850 

to 1%, and 8% to 6% for Lt of 100, 150, and 250 mm. Because Class 1 members suffer 851 

local buckling, connecting plates play a smaller influence in the tube's compression 852 

behavior in pure axial compression. However, the recession stage is accelerated because 853 

plates provide some resistance after severe buckling. 854 

a) Lt= 100 mm

b) Lt= 150 mm

c) Lt= 250 mm
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 855 
Fig. 33 Influence of friction and connecting plate  856 

6 Analytical studies on shear-keyed grouped columns  857 

The shear-keyed tube failure mechanism discovered an S-shaped pattern with local 858 

inward and outward buckling demonstrating elastic and plastic failure. It implies that 859 

elastic buckling causes normalized cross-sectional and member strength of tubes to 860 

decline. Moreover, whether inelastic or elastic, local buckling influences the cross-861 

sectional and member capacity [62]. Additionally, the non-conservativeness of the EC3 862 

cross-sectional resistance is more than the member resistance design with stability 863 

coefficients. Therefore, conservative designs take the stability coefficients, radius of 864 

gyration, and elastic buckling stress into account [62]. Likewise, member global 865 

strength rather than cross-sectional strength produces more conservative results in such 866 

situations [14]. Similarly, as in Refs. [80,81], yield strength failure with local buckling 867 

of tubes adopted members' global strength equations for design. Moreover, fixed-ended 868 

stubs used local buckling reduction factors [89]. Furthermore, the member buckling 869 

strength was the primary design strength criterion used in Ref. [90]. Simply-supported 870 

concentrically compressed steel members also used the global strength model [88]. This 871 

indicates that the global strength prediction methodology with tube stability coefficients 872 

is a well-known elastic and plastic design method. In order to obtain a buckling 873 

resistance more conservatively than a cross-section strength design, the design 874 
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a) Friction effect with varying Lt
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approaches used the column's global strength stability coefficient to account for local 875 

elastic and plastic buckling of shear-keyed grouped tubes. 876 

6.1 Yielding strength 877 

Figure 34(a,b) shows the normalized scatter 𝑃𝑢 𝑓𝑦𝐴⁄  and 𝑃𝑢 𝜒𝑓𝑦𝐴⁄  to determine the 878 

compression yielding or elastic buckling [91]. The term 𝑃𝑢 represents the compression 879 

resistance listed in supplementary Table A1. EC3:1-1 classifies cross-sections, 880 

recommending plastic buckling beyond yield for Class 3, and elastic buckling before 881 

yield for Class 4. Therefore, 𝑃𝑢 𝑓𝑦𝐴⁄ 𝑜𝑟 𝑃𝑢 𝜒𝑓𝑦𝐴⁄ <1 for 𝐷/𝑡𝜀 ≤ 42 of Class 3 limit 882 

was considered non-conservative due to the yielding incapability, while 883 

𝑃𝑢 𝑓𝑦𝐴⁄ 𝑜𝑟 𝑃𝑢 𝜒𝑓𝑦𝐴⁄ >1 was deemed as conservative due to the full-yielding. Moreover, 884 

𝑃𝑢 𝑓𝑦𝐴⁄ 𝑜𝑟 𝑃𝑢 𝜒𝑓𝑦𝐴⁄ <1 for 𝐷/𝑡𝜀 > 42 of the Class 4 limit was considered conservative, 885 

not able to achieve yielding, while 𝑃𝑢 𝑓𝑦𝐴⁄ 𝑜𝑟 𝑃𝑢 𝜒𝑓𝑦𝐴⁄ >1 as non-conservative, 886 

implying to undergo yielding. It demonstrates that 𝑃𝑢 𝑓𝑦𝐴⁄ 𝑜𝑟 𝑃𝑢 𝜒𝑓𝑦𝐴⁄ <1.0, indicating 887 

the EC3:1-1 Class 3 limit is non-conservative except for two samples. For the Class 4 888 

section, the results were conservative, validating the existence of elastic buckling. This 889 

is infinitesimally consistent with the test findings. Shear-keyed tubes have a lower 890 

nominal capacity, making full-yielding harder. This necessitates updating classification 891 

limits for non-slender sections in EC3 to ensure a safer design. 892 

 893 
Fig. 34 Normalized resistances of shear-keyed grouped tubes 894 

a) Normalized compressive resistance b) Normalized buckling resistance
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6.2 Code equations on ultimate strength  895 

In EC3:1-1 [91], shear-keyed grouped tubes are designed as follows: 896 

 𝑃𝑢,𝑐 = 𝑓𝑦𝐴𝑠(or𝐴𝑒𝑓𝑓) 𝛾𝑀0 ⁄ ; 𝑃𝑢,𝑏 = 𝜒𝑓𝑦𝐴𝑠(or𝐴𝑒𝑓𝑓) 𝛾𝑀0⁄   (5) 

 𝐴𝑒𝑓𝑓 = 𝐴𝑠 − 2𝑡𝜌𝑓𝑑 − 2𝑡𝜌𝑤𝑏 (6) 

where  𝛾𝑀0  represent modified safety factors. The code [92,93], standards [94], 897 

statistical studies [95], and research [14–16] recommended it 1.0. Since the study 898 

reveals overestimations of 127 and 124 outcomes for 𝑃𝑢,𝑐 and 𝑃𝑢,𝑏 with 𝛾𝑀0 as 1.0, it 899 

recommends 2.0 for shear-keyed grouped columns to achieve conservativeness of 900 

100%. The factor 𝜒 is obtained as:  901 

 𝜒 = 1 [𝜙 + (𝜙2 − �̅�2)0.5]⁄ ≤ 1  (7) 

 𝜙 = 0.5[1 + 𝛼(�̅� − 0.2) + �̅�2]; �̅� = √𝑓𝑦𝐴𝑠 𝑃𝑐𝑟⁄   (8) 

 𝜌𝑓(𝜌𝑤) = {

1.0, 𝜆𝑓(𝜆𝑤) ≤ 0.673

𝜆𝑓(𝜆𝑤) − 0.055(3 + 𝜓)

𝜆𝑓
2(𝜆𝑤

2)
≤ 1.0, 𝜆𝑓(𝜆𝑤) > 0.673

 (9) 

 𝜆𝑓(𝜆𝑤) = √
𝑓𝑦

𝜎𝑐𝑟
=
𝑑/𝑡(𝑏/𝑡)

28.4𝜀√𝑘𝜎
 (10) 

where 𝜙, 𝜌𝑓, 𝜌𝑤, 𝜓 =
𝜎𝑚𝑖𝑛

𝜎𝑚𝑎𝑥
, and 𝑘𝜎  represent the imperfection, reduction, stress, and 902 

buckling factors in code Tables 4.1, 4.2, 6.1, and 6.2. 903 

CSA S16-19 [96] calculates the member's capacity as follows: 904 

𝐶𝑟 = 𝜑𝐴𝐹𝑦(1 + 𝜆2𝑛)−
1

𝑛 ; 𝜆 = √
𝐹𝑦

𝐹𝑒
 ; 𝐹𝑒 = 𝜋2𝐸 (𝐾𝐿 𝑟⁄ )

2
⁄  (11) 

where 𝑛 is 1.34 for hot-rolled. The code suggests safety factors 𝜑 of 0.9 overestimates 905 

86 outcomes; the study recommends 𝜑 = 0.5, improving prediction underestimations 906 

by 100%. 907 

AISC360-16 [97] predicts the strength as follows: 908 

 𝑃𝑢 = 𝑓𝑐𝐴𝑠(𝐴𝑒𝑓𝑓) (12) 

 𝑓𝑐 = {
𝑄[0.658𝑄𝑓𝑦 𝑓𝑒⁄ ]𝑓𝑦 , 𝑖𝑓 𝑄𝑓𝑦 𝑓𝑒⁄ ≤ 2.25

0.877𝑓𝑒 ,              𝑖𝑓 𝑄𝑓𝑦 𝑓𝑒⁄ > 2.25
; 𝑓𝑒 = 𝜋2𝐸𝑠 (𝐾𝐿 𝑟⁄ )2⁄  (13) 

where 𝑓𝑒 and Q represent the buckling stress and net reduction factor [98]: 909 

 𝑄 = {1.0  if 𝑑/𝑡 ≤ 1.40√𝐸𝑠 𝑓𝑦⁄  (NS) (14) 
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 𝑄 = {𝑄𝑎𝑄𝑠  if 𝑑/𝑡 > 1.40√𝐸𝑠 𝑓𝑦⁄  (S); 𝐴𝑒𝑓𝑓 = 𝐴𝑠 − 2𝑡(𝑏 − 𝑏𝑒) −

2𝑡(𝑑 − 𝑑𝑒) 
(15) 

 𝑄 = 𝑄𝑎(𝑄𝑆 = 1);  and 𝑄𝑎 = 𝐴𝑒𝑓𝑓 𝐴𝑠⁄  (AISC Eqn-7) (16) 

 
𝑏𝑒 = 1.92𝑡√𝐸𝑠/𝑓𝑦 [1 −

0.34

(𝑏 𝑡⁄ )
√𝐸𝑠 𝑓𝑦⁄ ] ≤ 𝑏, 𝑖𝑓 𝑏 𝑡⁄

≥ 1.49√
𝐸𝑠
𝑓𝑦
, 𝑜𝑡ℎ𝑒𝑟𝑖𝑤𝑠𝑒 = 𝑏 

(17) 

 
𝑑𝑒 = 1.92𝑡√𝐸𝑠/𝑓𝑦 [1 −

0.38

(𝑑 𝑡)⁄
√𝐸𝑠 𝑓𝑦⁄ ] ≤ 𝑑, 𝑖𝑓 𝑑 𝑡⁄

≥ 1.40√
𝐸𝑠
𝑓𝑦
, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 = 𝑑 

(18) 

where 𝑏 or 𝑑 can be taken as B/D-2t, and 𝑄𝑠 and 𝑄𝑎 denote the reduction factors for 910 

slender unstiffened, and stiffened elements [98]; 𝑏𝑒 and 𝑑𝑒 denote the effective length 911 

and width. Since reduction factors 𝑄 = 1.0 or 𝑄 = 𝑄𝑎𝑄𝑠 overestimates 122 outcomes, 912 

the study recommends 𝑄 = 0.5 for both slender and non-slender shear-keyed columns 913 

to achieve conservativeness of 100%. 914 

GB 50017-2017 [69] specifies member compressive resistance as follows: 915 

 

𝑃𝑢 = 𝜑𝑓𝑦𝐴𝑠;  𝜑 = {

1 − 𝛼1𝜆𝑛
2, 𝑖𝑓 𝜆𝑛 ≤ 0.215

1

2𝜆𝑛
2 [𝐾 − √𝐾2 − 4𝜆𝑛

2, 𝑖𝑓 𝜆𝑛 > 0.215
 (19) 

 
𝐾 = (𝛼2 + 𝛼3𝜆𝑛 + 𝜆𝑛

2); 𝜆𝑛 =
𝜆

𝜋
√𝑓𝑦 𝐸𝑠⁄  (20) 

 

Type 𝐵 = {
𝛼1 = 0.650
𝛼2 = 0.965
𝛼3 = 0.300

;  Type 𝐶 =

{
  
 

  
 
𝛼1 = 0.730, 𝜆𝑛 ≤ 1.05
𝛼2 = 0.906, 𝜆𝑛 ≤ 1.05
𝛼3 = 0.595, 𝜆𝑛 ≤ 1.05

or
𝛼1 = 0.730, 𝜆𝑛 > 1.05
𝛼2 = 1.216, 𝜆𝑛 > 1.05
𝛼3 = 0.302, 𝜆𝑛 > 1.05

 

(21) 

where 𝜑  is the safety factor. Since safety factors values 𝛼1 = 0.650; 𝛼2 =916 

0.965; 𝛼3 = 0.300  overestimate 120 outcomes; the study recommends 𝛼1 =917 

15.965; 𝛼2 = 1.80; 𝛼3 = 1.65  for shear-keyed grouped members, improving 918 

prediction underestimations by 100%. 919 

 920 
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6.2.1 Reliability analysis  921 

The reliability of modified predictions was validated by examining Pu of 133 shear-922 

keyed grouped tubes listed in supplementary Table A1. Figure 35 compares the 923 

findings with non-modified equations. It reveals that the average (Covs) analysis-to-924 

prediction ratios provided by EC3-C, EC3-B, CSA S16, AISC360-16, and GB50017-925 

2017 are 0.84(0.12), 0.85(0.13), 0.95(0.15), 0.86(0.13), and 0.87(0.15), respectively. It 926 

demonstrates that codes provide non-conservative estimates with 127/124 over- and 6/9 927 

under-estimations for EC3-C/EC-B, 86 over- and 47 under-estimations for CSA S16, 928 

122 over- and 11 under-estimations for AISC360-16, and 120 over- and 13 under-929 

estimations for GB50017. Few slender or tube-shear keys large gap FEM produced 930 

conservative outcomes due to strength underestimation. Furthermore, CSA S16 was the 931 

most conservative, whereas EC3:1-1 had the most non-conservative outcomes. The 932 

outcomes of modified prediction equations are compared in Fig. 36. EC3-C, EC3-B, 933 

CSA S16, AISC360-16, and GB50017-2017 have average (Covs) analysis-to-934 

prediction ratios of 1.61(0.14), 1.63(0.14), 1.73(0.12), 1.69(0.13), and 1.88(0.16), 935 

respectively. The average>1.0 confirms that modified equations generated conservative 936 

estimates, with 133 underestimations and 0 overestimations for EC3-C, EC-B, CSA 937 

S16, AISC360-16, and GB50017, respectively. 938 

As previously stated, the cross-sectional slenderness limits for accumulating shear-939 

keyed grouped tubular columns should be revised. The modified code equations 940 

enhanced the conservativism for EC3-C, EC3-B, CSA S16, AISC360-16, and 941 

GB50017-2017 of Pu from 5%, 7%, 35%, 8%, and 10% to 100% for 133 models of 942 

shear-keyed grouped tube columns. 943 
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 944 
Fig. 35 Non-modified equations outcomes 945 

Specimen 1-40 40-80 80-120 120-133 Total

Mean Cov Mean Cov Mean Cov Mean Cov Mean Cov

EC3-C 0.83 0.13 0.84 0.16 0.84 0.08 0.89 0.07 0.84 0.12

EC3-B 0.84 0.14 0.86 0.17 0.85 0.08 0.90 0.07 0.85 0.13

CSA S16 0.95 0.14 0.93 0.21 0.95 0.08 1.01 0.07 0.95 0.15

AISC360 0.86 0.14 0.85 0.18 0.86 0.08 0.91 0.07 0.86 0.13

GB50017 0.87 0.14 0.86 0.22 0.87 0.08 0.93 0.07 0.87 0.15
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 946 
Fig. 36 Modified equations outcomes 947 

The primary application of the design approaches is to evaluate the axial compression 948 

resistance of MSB's non-welded steel shear-keyed grouped tubular columns with fixed-949 

fixed boundary conditions with and without the key-to-tube gap in an averagely 950 

conservative manner. Class 1 to 4 steel hot-rolled cross-sectioned columns may be 951 

designed with the hot-rolled hollow box or solid-shaped non-welded shear keys without 952 

threads, grouting, and concrete composite infill. Shear-keyed tubes with welded [99] or 953 

bolted [100] shear keys on the ends may affect uplift, failure, and compressive response; 954 

hence, design procedures cannot be applied directly to them and would need further 955 

investigation.  956 

Specimen 1-40 40-80 80-120 120-133 Total

Mean Cov Mean Cov Mean Cov Mean Cov Mean Cov

EC3-C 1.66 0.13 1.70 0.15 1.50 0.09 1.51 0.07 1.61 0.14

EC3-B 1.69 0.14 1.72 0.16 1.52 0.09 1.53 0.07 1.63 0.14

CSA S16 1.71 0.14 1.73 0.17 1.71 0.08 1.81 0.07 1.73 0.12

AISC360 1.69 0.14 1.65 0.18 1.70 0.08 1.80 0.07 1.69 0.13

GB50017 1.91 0.17 1.83 0.24 1.90 0.08 2.02 0.07 1.88 0.16
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7 Conclusions 957 

This study evaluated the axial compression behavior of shear-keyed grouped 958 

tubular columns. Four large-scale tests were conducted to assess their structural and 959 

failure response. Meanwhile, FEA was created for parametric investigations. Using 960 

four code prediction equations, modified predictions were developed for evaluating 961 

compression resistances. The following are the outcomes of these studies: 962 

1. Shear-keyed grouped tubes P-Δ curves displayed linear elastic, nonlinear, and 963 

recession zones. With less ductility and a shorter recession zone, tubes with 964 

thicker but shorter shear keys exhibited lower yield strength and initial stiffness 965 

but greater ultimate resistance. Thin shear keys were associated with longer 966 

elastic and recession zones, better yield, and poorer ultimate strength with 967 

improved pre- and post-ultimate ductility. Conversely, the welded grouped 968 

column had the highest stiffness, yield, ultimate strength, and the greatest 969 

ductility and recession. Local inward or outward buckling occurs when tubes 970 

attain their maximum compressive strength. A recession eventually leads to a 971 

loss in capacity and an increase in local buckling. 972 

2. Shear-keyed grouped tubes failed differently from directly welded tubes, with 973 

inward buckling followed by outward buckling, producing an S-shaped pattern. 974 

Buckling can be symmetrical or asymmetrical, with bulged-out regions on 975 

adjacent columns' interior sides, resulting in tube contact and double S-shaped 976 

buckling. All specimens failed to owe local inward and outward buckling at 977 

shear keys, column mid-height, or between 1/4 and 1/2 tube height. Contrarily, 978 

fully welded columns exhibited one type of symmetrical local buckling on all 979 

sides of the columns on loading ends. On the interior faces, inward buckling 980 
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prevents tubes from touching. However, tube failures were identical on 981 

opposing sides but opposite on the adjacent faces of tubes. 982 

3. Shear-keyed and fully-welded grouped tube strain curves showed linear, 983 

nonlinear, and recession phases. Numerous tube regions did not yield and 984 

buckled elastically. The S-shaped sinusoidal local buckling failure mode 985 

exhibited identical elastic and plastic local buckling on opposite sides and 986 

opposite on neighboring sides. Increasing the shear key's thickness and length 987 

shifted elastic buckling to plastic. However, all sections in fully-welded tubes 988 

yielded and displayed local plastic buckling. 989 

4. Increasing tt, Lt, tc, D, B, d, b, columns spacing, and number increases grouped 990 

tubes Pu and Ke in a linear pattern; however, their effect on Δu and DI seemed 991 

significantly variable. Moreover, increasing Lc or Lc/r did not influence Pu but 992 

considerably decreased Ke and Δu in a linearly declining pattern. Reducing d and 993 

b increases the tube-key gap and decreases Pu, Ke, and DI while increasing Δu. 994 

Contrary, increases in connecting plate thickness have minor effects on Pu and 995 

Ke of 1%. Furthermore, increasing the column from 1 to 4 increases the Pu by 996 

2.1, 3.4, and 4.4 times and the Ke by 1.6, 2.8, and 3.6 times, confirming the 997 

beneficial influence of shear-keyed grouped tubes. 998 

5. Because the EC3 Class 3 limit prevents elastic buckling, the predicted nominal 999 

capacity of shear-keyed grouped tubes with and without buckling length 1000 

decreases dramatically, making it difficult for similar non-slender cross-1001 

sections to yield fully and rendering the EC3 Class 3 slenderness limit non-1002 

conservative. Because the Class 4 limit prevents yielding before elastic buckling, 1003 

a conservative design requires an update to Class 3. 1004 
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6. The FEM accurately simulated shear-keyed grouped tube compression behavior 1005 

by producing average minor prediction errors of 1.8% for Pu and 8.6% for Δu 1006 

and a slight substantial scatter of 20.9% and 22.4% for Ke and DI. Pu and Ke 1007 

increased linearly as the mesh size increased from 10 to 18, 25, and 35 mm, 1008 

while Δu or DI decreased significantly. Pu and Ke decreased when initial 1009 

imperfection increased from t/100 to t/10, t/5, t/2, and t and L/2000 to L/15000, 1010 

L/1000, and L/500. Furthermore, raising t/100 to t and L/2000 to L/500 increased 1011 

Δu, respectively. Failure modes of various mesh densities were inconsistent and 1012 

varied in location, but initial imperfection did not affect failure modes. As 1013 

determined by FE and testing, type C mesh and the design value of 7/8t or 1014 

7L/1500 imperfection amplitude adequately anticipated shear-keyed grouped 1015 

tube compression behavior. 1016 

7. The predicted Pu values of 133 shear-keyed tube models using the EC3-C, EC-1017 

B, CSA S16, AISC360-16, and GB50017 equations were non-conservative, 1018 

with around 127 overestimations for EC3-C, 124 for EC-B, 86 for CSA S16, 1019 

122 for AISC360-16, and 120 for GB50017. The modified code equations 1020 

increased the number of conservative and safe estimates for EC3-C, EC3-B, 1021 

CSA S16, AISC360-16, and GB50017-2017 to 133, attaining 100% 1022 

conservatism. 1023 
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