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Abstract: Modular steel structures (MSS) are distinguished from traditional steel
structures (TSS) by the grouping and discontinuous features of columns, inter-modular
connections (IMC), and other structural components. Vertical assembly requires shear-
keyed grouped IMC to support modules' tubular columns, resulting in columns and
IMC clusters that complicate force transfer. This study reported experimental,
numerical, and analytical investigations on the compressive behaviors of steel shear-
keyed grouped tubular columns. Four large-scale tubes with varied shear-key heights
(Ly) and thicknesses (t) were subjected to axial compression testing. The test results
demonstrated that raising Lt and t; increased the buckling resistance of the tubes but
lowered the ductility. The failure was caused by S-shaped local inward and outward
buckling by neighboring columns located at shear keys, mid-height, or between 1/4 and
1/2 the tube's height. The finite element model (FEM) was generated to study the effects
of 9 parameters using 147 models. The impact of tube spacing and numbers, varying
shear-key length (d), width (b), Lt and t;, tubes length (D), width (B), thickness (tc), and
height (Lc) on compression behaviors were observed. The results show that the nominal
strength of neighboring tubes was reduced to achieve compression yielding and

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

conservative. Prediction equations in EC3:1-1, CSA S16, AISC360-16, and GB50017
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were used to evaluate the ultimate compressive resistance (Py) of shear-keyed grouped
tubes, but they overestimated results, proving non-conservative. To assess compressive
behavior conservatively, modified prediction equations were proposed. Reliability
analysis on 133 models showed that they accurately predicted the axial compression
behavior of steel shear-keyed grouped tubular columns and can be used for MSS design.
Keywords: Axial compression tests; Steel shear-keyed grouped tubular columns; S-
shaped local buckling; Finite element analysis; Modified code equations
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Abbreviations

MSS/TSS, modular/traditional steel structures; IMC, inter-modular connections; SHS, steel-
hollow sections; D, B, L, tc, tubes' length, width, height, thickness; d, b, t;, Lt, shear-key
length, width, thickness, height; FEM/FEA, finite element model/analysis; Es, elastic
modulus; fy, yield strength; fy, ultimate strength; Py, Py, Test, Py, Fg, Ultimate resistance
via test, FEA; Py ecs, Pu, csa, Pu, aisc, Pu, gB, ultimate resistance via EC3:1-1, CSA S16,
AISC360-16, GB50017; Ke, Ke, rg, initial stiffness at 45% of axial load via experiment,
FEA; Au, Ay, 1, Au, FE, Ultimate axial shortening via test, FEA; DI, Dlrg, ductility index
via test, FE; Cov, coefficient of variation; LB, IB, OB, local, inward, outward buckling

Nomenclature
?: True/Engineering stress; Z—T: True/Engineering strain; y = Zm—‘” stress ratio;
E

E max

prlpw, Q/Qs/Qq, and & = ,/235/f,, flange & web reduction, slender and non-slender
columns reduction, and classification factor; L.sr, A.ff, d., and b, effective height,
area, length, and width; y, k., K, and ¢, capacity reduction, effective length, buckling,
and partial safety factor GB50017; r, radius of gyration; f,, elastic buckling stress; C,,
@, A, and L, ultimate resistance, resistance factor, strength ratio, unbraced length in
CSA S16
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1 Introduction
Modular steel structure (MSS) depends on the fabrication of fully-finished modular

units in factories and their assembly on-site [1,2]. It is a globally recognized game-
changing construction technology [3]. It has gained popularity due to its time and cost
efficiency [3], superior quality [4], increased safety [5], and lower ecological effects
[6]. The grouping, clustering, and discontinuous characteristics of structural members
differentiate it from traditional steel structures (TSS), as seen in Fig. 1 [7]. Compared
to other materials, steel modules are renowned for their superior strength, ductility,
lightweight, and ease of operation [8]. They are classified as continuous- or corner-
supported based on the load-bearing components. Continuous-supported modules
contain light steel supports at 300-600 mm designed primarily to resist gravity loads up
to three stories in height [9]. Columns at corners of corner-supported modules withstand
loads, inheriting a clear load transfer path and space flexibility, as shown in Fig. 2(a)
[10-12]. Because they can extend to high-rise structures with an effective lateral
stabilization system, they are often used in engineering projects, as depicted in Fig.
2(b,c) [3,13]. Corners use steel-hollow section (SHS) columns with superior
compression, torsion, and bending resistance [14-16]. Therefore, the comprehensive
study of SHS columns in corner-supported MSS will provide a reliable foundation for
future MSS development.

As depicted in Figs. 1 and 2, MSS integrate discrete modules; thus, their mechanical
behavior is determined by module structure and mutual damage behavior [17]. In
contrast to TSS, MSS's integrity depends on a reliable inter-modular connection (IMC),
which joins modules horizontally and vertically at corner columns, resulting in
grouping and discontinuities [18]. Consequently, welded [19], bolted [18], and
prestressed or post-tensioned [20,21] IMC are used to ensure structural integrity

3
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between SHS tubes. Robustness, instability, and IMC's difficulties in internal module
connectivity are critical for MSS safety and quality [22,23]. Since weak IMC results in
isolated columns, recent review studies detail a range of IMC, especially between SHS
columns, that overcome technical obstacles [2,18,24,25-30].

Shear-key IMC, such as threaded-shaped, solid or hollow box-shaped, cruciform-
shaped, and socket-shaped, are extensively used to connect columns, as shown in Fig.
3(a-c) [24]. Figure 2(c) displays the authors' 5-story Haoshi office MSS project using
corner-supported modules assembled by shear-keyed grouped tubular columns,
validating their application in engineering projects. Several studies on shear-keyed
tubes and IMC has been recently carried out, such as Chen et al. [31,32] revealed their
excellent seismic capacity, while the columns showed tearing. Exclusive studies on
shear-key IMC by Hajimohammadi et al. [33] discovered that increasing the loading
angle reduces shear-key ultimate capacity, rendering ISO/TR-16224, ASME-B1.1, and
BS-3580 standards inapplicable. Besides, Khan et al. [34-36], Bowron [37], and Pang
et al. [38] noticed their semi-rigid response while providing horizontal connectivity and
shear resistance. However, they also witnessed the generation of high stresses on
columns near shear-key zones. Dai et al. [39,40] found grouted shear-keyed IMC to be
a rigid contributor to load resistance. Zhang et al. [41] and Deng et al. [42] proposed
welded, and Ma et al. [43] developed bolted shear-key IMC. They observed shear key
enables horizontal connectivity and shear resistance, but the lack of IMC welding
caused rotations. Nadeem et al. [44] devised a self-locking IMC. They noticed excellent
slipping and lateral force resistance [33]. However, they neglected the effects of initial
geometric imperfections, rendering the design technique impractical. Additionally,
Chen et al. [45] revealed that the shear key transmits shear force until yielding or

substantial deformation. Moreover, stiffness and capacity rise with modest increases in
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the shear-key length and thickness, highlighting shear-keyed tubular columns' role in
influencing MSS's structural behavior.

Modular steel structures have recently introduced pre- and post-tensioned shear-keyed
grouped tube columns IMC. Chen et al. [20] and Liew et al. [46,47] discovered that
they transfer lateral forces adequately. Sanches et al. [48,49] found that their lateral
force resistance depends on mutual friction, and shear-key thickness is the governing
factor. Lacey et al. [50,51] witnessed that sandblasting or expanding the tube-key
contact area improves shear-slip resistance. Most IMC used shear keys without welding
in tubes; however, research concentrated on the lateral behavior of shear-keyed
columns. Tube and shear-key thickness were studied for shear and lateral force
resistance; shear-keyed grouped tubular columns' axial compression behavior is
undetermined. It is presumed that shear keys are firmly welded to tubes, which is
impossible to accomplish due to inaccessibility inside grouped tubes. This results in an
imprecise and insufficiently conservative design. Besides, these researches did not
address geometrical imperfections affecting assembly and force transmission. As
shown in Figs. 2 and 3, compression testing on non-welded shear-keyed grouped tubes
is essential since they are used in MSS engineering projects.

MSS supported by shear-keyed SHS columns boosts structural performance [2,52].
Noticeably, the compression behavior of various SHS columns has been extensively
researched in TSS. For example, Theofanous and Gardner [53] found that the EC3
effective width equation and Class 3 slenderness limit for stub and long stainless steel
SHS columns are conservative. Kamran and Min [54] witnessed AISC360-16, CSA
S16-19, and AISI S100-16 to be safe for SHS/RHS cold-formed stub columns. Liu et
al. [55] discovered that Class 1~4 slenderness limits in EC-3 and ANSI/ AISC 360-16

for Q355 and Q460 mild steel columns are non-conservative. Rahnavard et al. [56]
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noticed the non-conservativeness of the direct strength method in cold-formed boxes.
Liu and Young [57] and Yan et al. [58,59] researched stainless steel columns' axial
response at varying temperatures. Huang et al. [60] reported EC3, AISC360, and
GB50017 as conservative for stainless steel. Contrary, Li et al. [61] and Wang et al. [62]
discovered unsafe capacity and conservative classification outcomes for high-strength
steel (HSS) tubes. Liu et al. [63] observed that reducing D/t increased capacity. Guo et
al. [64] and key et al. [65] detected local buckling in stubs and long tubes. Deng et al.
[66] explored an MSS tubular column with liftable IMC, finding that increasing column
strength and thickness improves, but increasing height impairs ultimate resistance.
Studies on tubular columns in TSS or MSS primarily focused on individual columns
with or without IMC; group columns and neighboring column effects were lacking.
Moreover, the outcomes were limited to hollow columns; shear-keyed tubes were not
explored. Furthermore, the boundary conditions were assumed to be conventionally
fixed, or welded tube ends with IMC, necessitating grouped column investigations to
examine non-welded shear-keyed grouped tubes in MSS. Additionally, Khan et al.[14—
16] found that existing standards overestimate the compressive strength of the tubular
wall because MSS characteristics are disregarded. Long or stub mild, stainless, cold-
formed, hot-rolled, and HSS tubes were investigated in TSS at ambient, low, or elevated
temperatures. Their predictions and findings were limited to a single TSS tube, as
resistance estimation assumed tube continuity at both ends. MSS's integrated modules
group columns in the IMC zone, causing discontinuity and rotation on each floor [67].
Limited information on non-welded shear-keyed grouped tubular columns of different
effective lengths, critical loads, and ultimate resistances leads to imprecise design.
Conventional design criteria for shear-keyed grouped tubular columns become

questionable if special features and connections are not incorporated. Besides, tube
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designs that disregard shear keys are unsuited for shear-keyed column design. This
emphasizes the necessity for axial compression tests and an analysis of the
conservatism of existing steel standards on shear-keyed grouped tubular columns.
Corner-supported modules connected at interior IMC have distinctive aspects; therefore,
it is vital to investigate the axial compression behavior of shear-keyed grouped tubular
columns considering their utilization in high-rise MSS globally [3,13].

This study investigated the compressive behaviors of steel shear-keyed grouped tubular
columns by testing four large-scale tubes with varied Lt and t;. The results of load
displacement, deflection, and strain were presented. The accuracy of FEM was then
verified using test data to explore the impact of 9 varying parameters. Finally, modified
prediction equations for EC3:1-1, CSA S16, AISC360-16, and GB50017 were

proposed to asses shear-keyed grouped columns Py.
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Fig. 1 Uniquenesses of MSS relative to TSS



SHS beams

Diaphragm

SHS column

> Partition wall

bearj
Hg N t]‘en
2, 8th A

175 Force transmission of multi-story MSS

176 (a) Shear-keyed grouped tubes force transfer

wbraH

Contraflexure

point

Gusset
plate =

A

Shear-key

N

Grouped tubular columns

Shear- key

Shear-keyed grouped tubes

Contraflexure
point

Steel shear-keyed

177 High-rise corner-supported MSS with concrete core grouped tubular columns
178 (b) Multi-story MSS with steel shear-key IMC supporting grouped tubular columns
179



180
181

182
183
184

. Shear keys for columns| 1

lumn

SHS Co
3.0m

/ S, - \_1 |8
Column-supported modules used in the project Hoisting of modules finished in six days

Bolts
P o] A Upper columns

Grouped shear keys
Shear keys

Upper modules
Shear-keyed ( \.

columns
grouped’toal gl

i U Lower corner fittings

\4 \l Connecting/gusset
Lower columns plate
Shear-keyed IMC grouped tubes (in project)  Shear-keyed foundation group IMC (in project)

N

Haoshi office building, Tangshan Lutai Economic Development Zone completed in six days
(c) Corner-supported modules with shear-keyed grouped tubes in the MSS project in China
(Designed by the research team) [68]
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IMC in corner-supported MSS
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Fig. 3 Shear-keyed grouped columns and IMC in MSS
2  Axial compression tests of steel shear-keyed grouped tubular columns

2.1 Specimens design
The study used an engineering background of a five-story corner-supported MSS

named Haoshi office building China, designed by the authors' research team in
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compliance with Chinese steel design code GB50017-2017 [69]. As indicated in Fig. 2,
specimen cross-sections were formed based on the prototype project to maintain
consistency. The primary purpose of the testing was to acquire experimental data and
associated failure modes for initial geometric imperfection to validate FEM, followed
by extensive parametric and analytical research. The average height of modules in an
actual engineering project was 3 m. Following limitations of test facilities and studies
on modular joint literature, the column subassembly method was used to design
member length and height based on zero-moment inflection points. Thus, the current
research adopted column height as half the actual height, as displayed in Fig. 2(b) [25].
This research employed a hollow, box-shaped, grouped shear-key welded to upper and
lower connecting plates [24]. Following the actual project scenario, most IMC criteria
and safer design, shear keys, and connecting plates were not welded to tubes to allow
for rotation. Studies on non-welded shear-keyed tubes, IMCs, and frames indicated that
shear keys must have shrunken or sloped ends with a 3 mm [31,70] to 6 mm [48,49]
gap between the column and inserted shear keys in the initial state to facilitate
alignment and allow installation error. Thus, the current study allows a 1 to 2 mm gap
between the tube and shear key to account for the insertion of keys on both ends;
otherwise, construction tolerances could hinder installation. Additionally, considering
MEP's crossing and working accessibility in realistic situations, a 24 mm gap was
allowed between neighboring columns, making the distance between grouped shear
keys 44 mm.

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

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

between neighboring tubes and tubes and the shear keys, respectively. Specimens were
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designed per the MSS's prototype project, and the geometrical details used in testing
are depicted in Fig. 4. Welded IMC is the most common type with satisfactory
performance [19,71-73]; however, it is costly, and complete welding is impossible [74].
Shear-keyed IMCs perform well, fulfilling their role as a superior alternative to welded
IMC [48,49]. Moreover, welded IMC connects tubes without any component inserted,
making the tubes homogenous with flexural stiffnesses on ends and mid-height
identical. However, shear-keyed tubes are non-homogeneous, with a hollow central part
and two ends supported by shear keys of varying rigidities [75]. Thus, shear-keyed
grouped tubes' were compared to welded ones to evaluate the difference in performance
and failure caused by the employment of shear keys. The specimen FD1 was used as
the standard to investigate the effect of shear-key and tube-plate welding on the
compression behavior of grouped tubes. Therefore, shear keys were lacking on FD1,
and the connection plate was partially welded directly to the ends of the SHS columns
on three sides (top and bottom). Because the working space between adjacent tubes in
grouped columns was insufficient for full welding, the fourth side of the tubes was not
welded. Other specimens, namely FD2, FD3, and FD4, were designed to examine
shear-key effectiveness; thus, different lengths (Li) and thicknesses (t;) of shear-key
were considered. All specimens were prepared with 1.5 m column heights (L¢). The
dimensions of the connecting plate for them matched those of the actual project
connection gusset plate, which was 524 mm long, 490 mm wide, and 20 mm thick.
Similarly, the identical SHS tube cross-section was used for all grouped column
specimens with cross-sections of 200x200x8 mm. The goal of examining similar
column sizes was to keep the design consistent while focusing on the influence of
grouped shear-key contribution. Each column measured 200 mm long (D), 200 mm

wide (B), and 8 mm thick (tc). Furthermore, each shear-keyed grouped tubular column

12



241  specimen (FD2, FD3, and FD4) had the same cross-section length (d) and breadth (b)
242  of 180 mm, but they differed in terms of shear-key thickness (t;) and height (Lt). To
243  assess the presence and insertion height of shear-keys, specimen FD3 grouped shear-
244 key ty was set to 10 mm and Lt to 150 mm, and the findings were compared to those of
245  FD1. Conversely, FD2 and FD4 were designed to observe the contribution of grouped
246  shear-key height. Hence, the shear-key thickness was kept constant, such as t; of 25 mm,
247  with Lt ranging from 100 to 250 mm. Figure 4 and Table 1 contain more information

248  on each specimen.

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

sp# D B te t; d b L Es f, f, 2 K, A, DI

(mm) (mm) (mm) (mm) (mm) (mm) (mm) (GPa) (MPa) (MPa) C%% (kN) (kN/mm) (mm) Ratio
FDL 200 200
FD2 200 200

- - - - 206 380 434 235 4214 1174 10.2 1.6

25 180 180 250 206 380 434 235 4169 1025 9.4 1.9
FD3 200 200
FD4 200 200

o 00 0O o

10 180 180 150 206 380 434 235 4119 1358 8.7 2.2
Sp # D B tc tt d b Lt Pu,FE Pu Ke,FE Ke Au,FE Au DIFE DI

25 180 180 100 206 380 434 235 4176 1084 7.7 1.8
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (kN) Pupp (KN'Mm) Kepy (mm) A,ps (RAO)  Dipg

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 101 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
D B te Lc EC3 Pyges CSA  Pucsa AISC Puasc  GB Pycs Grade P 4,
Sp. # (mm) (mm) (mm) (m) Class (kN) Class (kN) Class (kN) Class  (kN) (kN)  (mm)
FD33 200 200 8 1.0 Cl 4669 C2 4174 NS 4610 B 4577 235 3759 122
FD114-1 200 200 8 15 Cl1 2303 c2 2059 NS 2269 B 2231 235 1804 7.6
FD115-2 200 200 8 15 Cl 4606 c2 4118 NS 4538 B 4462 235 3849 110
FD116-3 200 200 8 15 Cl 6908 c2 6178 NS 6807 B 6693 235 6057 7.2
FD117-4 200 200 8 15 C1 9211 c2 8237 NS 9075 B 8924 235 7978 7.9
FD35 200 200 8 2.0 Cl 4510 c2 4025 NS 4438 B 4330 235 3733 132
FD36 200 200 8 3.6 Cl 4105 c2 3481 NS 3960 B 3810 235 3922 125
FD52 200 200 9 15 Cl1 5153 C2 4118 NS 5077 B 4992 235 4252 144
FD49 200 200 5 15 C4 1506 C4 1345 S 2268 B 2836 235 1377 193
FD50 200 200 7 15 C2 4052 C3 3624 NS 3992 B 3926 235 2969 116
FD61 150 150 8 15 C1 3331 C1 2973 NS 3278 C 3055 235 3630 9.2
FD62 180 180 8 15 C1 4097 07 7329 NS 4037 B 3957 235 3782 10.0
FD63 250 250 8 15 C3 5876 C3 5239 NS 5780 B 5721 235 3994 110

D, B, L, and t. define the columns' length, width, height, and thickness; d, b, t; and Lt denote shear keys' length, width,
thickness, and height; Es, fy, fu, Pu, Pu, Fe, Pu, ec3, Py, csa, Pu, aisc, Pu, o8, Ke, Ke, Fe, 4u, 4uFe, DI, DIrg, 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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Fig. 4 Axial compression tests design of shear-keyed grouped tubular columns
2.3 Material properties

Because the specimens were made of mild steel, their mechanical properties may
impact their performance. Therefore, the steel coupons were designed following the
GB/T228.1-2010 specification [76]. Figure 5(a) depicts their dimensions. Steel

coupons fabricated from the same material as the shear-keyed grouped tubular column
14



259

260

261

262

263

264

265

were used to assess test findings and generate FEM. Although the cross-section and
thickness of the test columns were similar, three coupons were made due to the
constructional tolerance effect. Table 1 shows the average of the obtained parameters.
The test setup for steel coupons is shown in Fig. 5(a). Furthermore, Fig. 5(b,c) depicts
steel coupon failure modes and tensile stress-strain curves. This shows that geometric
imperfection considerably affects the strength and ductility of mild steel, whereas

failure modes and initial stiffness are unaffected.
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Fig. 5 Material testing and representative stress-strain curves
2.4 Test setup of shear-keyed tubes

Figures 4(a) and 6(a,b) depict a schematic and real-time view of compression tests
conducted on a 1500t axial compression testing machine (CTM) at Tianjin University's
structural engineering laboratory. Specimens manufactured in the yard were transported
by truck and installed on the testing machine using a crane in their allotted locations
between tightly supported machine beams. The CTM's upper beam could be adjusted,
while the lower beam could only be used to exert pressure via the jack. Steel bolts were
inserted and screwed into the connecting plates after the specimens were installed. Bolts
were employed to avoid any out-of-plane instability produced by specimen movement
when the grouped tubes rotate about shear-key, and the specimen lacks restraints.
According to GB/T50344-2019 [77], loading was divided into preloading and formal
loading, with unloading occurring in both. The load-end shortening curves were
generated automatically since the 1500t CTM used a hydraulic jack to apply pressure
to the shear-keyed grouped columns' bottom. However, because CTM records end-
shortening with the movement of the rigid bottom beam, the accuracy of curves can be

affected as specimen location on the machine is adjusted. The connection mechanism
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and measuring instrument precision was validated by applying a preload of 0.2P,.
Specimens were held for two minutes after reaching preload before being completely
unloaded for two minutes. Following a monotonic vertical force loading until yielding,
a 0.5 mm/min progressive displacement loading was applied until peak strength (fall to
85% of Py) was attained. The yield point and criteria for managing displacement
loading were considered at the end of the linear elastic area of load-end shortening
curves and the beginning of the nonlinear portion. The load cell installed in the machine
was used to measure reaction forces, which were then shown as an output data file.

Strain gauges on specimens examine structural deformation and stress fluctuation over
time, as seen in Fig. 6(a,b) [78]. The stress rise measured by strain gauges revealed the
force transfer mechanisms during the load application. After altering the shear-key
parameters, several strain gauges were installed to measure stress development during
the test. Strain gauges were positioned in areas with the most significant deformation
compared to other sites using pre-test FEM stress prediction. During the testing, strain
gauge data was collected to assess local buckling and yielding strain [79]. Local
buckling can be outward or inward; a strain gauge reveals whether it occurred before
or after yielding to investigate elastic or plastic buckling. Each specimen was fitted with
a significant number of strain gauges to ensure that at least one strain gauge was situated
in possible buckling zones. If not, the strain history of other strain gauges must be
monitored regularly for irregularities or nonlinear reactions. Strain gauges were
mounted circumferentially on column portions with and without shear keys to examine
relative stress and deformation patterns. Because the columns were susceptible to in-
and out-of-plane local buckling, strain gauges were attached to the front, right, and back
of the right and the front, left, and back of the adjacent left column. Due to a lack of

available workspace, the inner sidewalls, right side of left column, and left side of right
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column lacked strain gauges. In the vertical direction, strain gauges were evenly
distributed on tubes about a quarter of the distance from the upper, central, and lower
positions. In the horizontal direction, strain gauges were attached at mid-height. For
FD1, which lacked a shear key, strain gauges were mounted at 100-150 mm similar to
those on the edges of FD3 since it was expected that the stresses would be compared
when investigating the shear-key effect. For FD2 and FD4, strain gauges were
circumferentially positioned to the tube's edges based on shear-key height, such as 125
mm for FD2 and 100 mm for FD4, to analyze stress fluctuation between regions with
and without shear keys. There were thirty-two strain gauges installed on the FD1, FD2,
FD3 and FDA4. Figure 4(b) depicts the location and distances of these strain gauges.
To measure the amount of deflection or the global buckling of both tubes, horizontal
linear variable differential transducers (LVDT) were positioned vertically on the
neighboring tubes on both adjacent sides at the tubes' mid, top, and bottom quarter
heights. Additionally, it was intended to measure the length shortening of grouped tube
specimens; therefore, a vertical LVDT was installed on the machine, as shown in Figs.
4(a) and 6. The load offered by CTM and the vertical displacement provided by LVDT
were used to create the end-shortening curves. A data recorder was employed to capture
the deflections, reaction forces, shortening, and strains.
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b) Test setup of shear-keyed tube specimens
Fig. 6 Axial compression test setup of shear-keyed grouped tubes in MSS

3 Experiment outcomes

3.1 Specimens failure modes
Figure 7(a) shows FD1 welded grouped column failures. It shows that both

neighboring tubes displayed outstanding buckling resistance and rigid connection that
prevented global buckling. After severe local buckling, a tube at mid-height showed in-
plane buckling, possibly due to the adjacent column effect. Both tubes' main failure
modes were symmetrical in shape and position, such as local inward and outward
buckling at 100 mm at the opposite loading side, as validated by higher strain values at
the quarter length. Each side exhibited only one form of local buckling, and the
opposing sides showed the same failure pattern. Contrary, neighboring faces showed
the reverse trend. Both tubes' front and back sides bulged out, followed by the
neighboring tubes' interior and exterior sides' inward buckling, preventing adjacent
columns from colliding. No other locations showed buckling, and all yielded before

ultimate strength, indicating local plastic buckling.
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Figure 7(b) depicts failure modes of FD2 shear-keyed grouped tubes, revealing that the
tubes exhibited slight in-plane bending after substantial local buckling caused by
rotation around shear keys due to nonrigid constraints. The tubes' principal failure
modes were symmetrical but positioned differently. They displayed local-inward and
outward S-shaped buckling on each side from shear-key mid-height, 125 mm, to 1/4 of
the tube’s height, 375 mm, on the opposite loading end. Failure on opposite sides was
identical; however, dissimilar on the tubes' neighboring faces but more apparent on one
side than the other. This was consistent with the different strains on opposing faces.
Both columns buckled symmetrically; thus, bulged regions on the interior sides showed
contact. However, the buckling of one column adjusts the other column's location,
avoiding collision and resulting in double S-shaped buckling. Columns capacity is
unaffected because severe local buckling does not contribute to load resistance. Some
shear key sections did not yield, demonstrating a stress concentration that caused elastic
buckling. On average, shear keys reported higher stress values, implying tube shearing.
Figure 7(c) shows the FD3 shear-keyed grouped tube failure scenario, demonstrating
that one tube experienced in-plane global buckling while the other did not. In both tubes,
no out-of-plane global buckling was noticed. The tubes' principal failure was caused by
inward and outward buckling at upper and lower shear-key sites. One tube displayed
two opposing trends of local bucklings, such as bulging out of the front at 150 mm with
bulging in at 500 mm and bulging in of the side at 150 mm, followed by bulging out at
500 mm. Another tube showed local inward and outward S-shaped buckling, identical
on opposing sides and opposite on adjoining sides. A tube's global and asymmetric local
buckling prevented adjacent columns from colliding. The behavior was non-uniform,
resulting in failure modes near shear-key edges and between 1/4 and 1/2 of the tube

height. Load-strain curves revealed most regions yielding or elastic buckling.
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The failure modes of FD4 shear-keyed grouped tubes are depicted in Fig. 7(d), which
shows no evidence of in- or out-of-plane global buckling. A modest increase in shear-
key thickness and length displayed uniform force transfer and shear-key yielding, as
reflected by comparable strain. The primary failure modes were symmetrical but
slightly differed in position, which was consistent with FD2. They generally displayed
a pair of local-inward and outward S-shaped buckling on each side starting from the
shear-key edge, i.e., 150-200 mm. Failure was identical on opposite sides yet opposite
on adjacent faces. Besides, both columns bulged out on the interior sides, preventing
collisions, and resulting in double S-shaped buckling. Shear key regions resulted in
larger stress, indicating the shearing effect or elastic buckling. Furthermore, decreasing

the shear-key length reduced tube capacity, confirming the shear-key significance.
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Fig. 7 Failure modes of shear-keyed grouped columns under axial compression (LB,
local buckling; IB, inward buckling; OB, outward buckling; S-shaped, sinusoidal-
shaped)
3.2 Load-shortening curves of shear-keyed grouped tubes
Figure 8(a-d) illustrates the shortening behavior of the specimens. Figure 8(e) depicts

the generalized curves indicating that both type A and type B curves possess a linear
elastic (1), a nonlinear (I1), and a recession (111) zone. To group specimens, the starting
point of the nonlinear branch (elastic) and the length of the second (nonlinear) and third
(recession) stages of the P-4 curves are considered. FD1, FD2, and FD3 are categorized
as type A, whereas FD4 is classified as type B. The term P indicates the load, and the
A defines shortening. These figures demonstrate that P grows linearly during the linear
elastic stage until the yield stage Py is achieved. It reveals that the length of the elastic
state was shorter in specimens of type B, resulting in earlier yielding than in type A.
This may be due to the shear-keyed tubes' decreased buckling strength because of the
shortest height, which limits the specimen’s elastic zone and causes it to yield early due

to the weak combined action of the tubes and shear keys. After Py, the P-4 curves reveal
23
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a parabolic shape until they reach their ultimate loads Py; concurrently, local buckling
commences when the specimen achieves its compression capacity. After the nonlinear
phase (stage Il) for both curves, columns at various locations exhibit local elastic or
plastic buckling. Local buckling begins in one tube, followed by symmetrical or
asymmetrical initiation in neighboring tubes. However, neighboring tube buckling and
surface contact do not affect the ultimate strength development. Contrary to their elastic
state, type B curves have greater ultimate strength than type A curves. This favorable
result may be attributable to the shear keys' moderate cross-section, which increased its
strength by postponed buckling until complete yielding to fully utilize the tube's
capacity. In contrast to the final stage, the nonlinear stage of type A specimens is longer
than that of type B, indicating higher ductility. This is demonstrated by the specimens'
ductility index (4y) in the pre-ultimate regime, which accompanies the transition from
a linear to a nonlinear state. Table 1 indicates that increasing the rigidity of tubes with
a thicker shear-key increases compression strength but decreases ductility due to
substantial shear stresses on the tubes once buckling begins. After the second nonlinear
stage, the tube's local inward or outward bowing has occurred, and the specimen has
reached Py. During the third recession stage, a decrease in Py is accompanied by intense
local buckling. As noted in the generalized curves and Table 1, the ductility index (DI)
of type A and type B specimens differ significantly in the post-ultimate capacity stage.
In contrast to type A curves, which have a longer and smoother recession zone, type B
specimens have a pronounced, rapid fall in capacity once they reach their ultimate stage.
This may result from the reduced shear key and tube working effect reported in FD4
due to the shorter shear key, indicating that tubes cannot provide resistance after

buckling.
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3.3 Load-strain curves of shear-keyed grouped tubes
The vertical and horizontal axial load versus strain curves are summarized in Fig. 9(a-

d). It highlights information about the strain values and areas with prominent inward
and outward buckling. Strain curves offer the same information as failure modes. When
measured with strain gauges, it is also possible to gain information regarding the
yielding or buckling of the location that is not readily apparent. It can be seen that all
curves exhibit three distinct working phases: linear, nonlinear, and recession. As the
load grew, the stresses rose linearly until they neared the nonlinear phase for achieving
the ultimate resistances. The inversion, overturning, or abrupt decline of the strain curve
indicates the existence of local buckling. Curves that turn behind or close to the yield
strain imply elastic buckling. In contrast, plastic buckling occurs when the overturning
curves surpass the yield strain. Moreover, overturning curves during the recession
shows the onset of severe local plastic buckling. The S-shaped buckling exhibited by
curves supported failure modes guided by grouped tubes, validating that inward and
outward local buckling failures occurred sequentially in most shear-keyed tubes.
BRBV-1and BRBV-2 in FD2; BRBV-1 and BRBV-2 in FD3; and FLBV-1 and FLBV-
2, FRBV-1 and FRBV-2, and SLTV-1 and SLTV-2 in FD4 validated the presence of
S-shaped buckling. According to FD4, this pair of inward and outward buckling, such
as FLBV-2, FRBV-1, and SLTV-1 (FLBV-1, FRBV-2, and SLTV-2), demonstrate
local elastic (plastic) buckling.

In EC3, elastic buckling is permitted for Class 4; yielding and plastic buckling is
allowed for Class 3 members. Since the grouped tubes are not Class 4 members, elastic
buckling and no yielding would contradict EC3 slenderness limits. Numerous sections
of FD2 exhibited elastic buckling and failed to attain yield, including FLTV-2, SRTV-

2, and SRMV. FRTV-2 in FD3 and FLMH, FLMV, FRTV-1, FRMV, SLTV-1, and
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SRML in FD4 also exhibited local elastic buckling. It demonstrates that shear-keyed
grouped tubes failed to meet the EC3 criterion due to elastic buckling, which can be
prevented by having no shear-key or adjusting shear-key t: and L: to moderate values,
as indicated by FD3 and FD2 vs. FD4. Most FD1 welded grouped tube regions yielded
and exhibited local plastic buckling. However, due to the influence of neighboring
columns, the tube on the backside (BLBV) showed elastic buckling, demonstrating
traditional column behavior variation attributable to neighboring or cluster column
characteristics. This supports the non-conservatism of conventional codes, even for
non-welded and welded grouped tubes supported with or without shear keys, and
necessitates updating classification limits and proposing new sets of equations for the

conservative design of shear-keyed grouped tubular columns in MSS.
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3.4 Lateral deflection curves of shear-keyed tubular columns
Figure 10(a-d) displays the load-deflection curve for each specimen in the front and

side directions of the two neighboring tubes. These curves were used to determine
whether or not buckling and lateral deflection were observed. The operating mechanism
of the curves revealed linear and nonlinear stages but no recession phase. Due to the
tubes' height, the columns' failure was limited to local buckling and not global buckling
due to the more excellent compressive resistance. In contrast, the recession stage can
only be prolonged if global buckling cause failure. As the load increases, the length and
width deflection of the tube also increases. When the ultimate capacity is reached, this
deflection remains steady, followed by a load and deflection increment stoppage. No
noticeable in- or out-of-plane global buckling occurred, and specimens failed due to
local buckling. Additionally, the degree of rotation variation due to non-welding or
partial welding around shear keys can result in non-identical deflections displayed by
adjacent columns on either side. Moreover, as the load grew, the stiffness of each curve
of the two neighboring tubes dropped distinctly. The grouping effect and the non-
welded shear keys revealed that square tubes behaved differently on each side and from
adjacent columns. FD3 displayed a more remarkable resemblance between adjacent
tubes' length and width deflections. This indicates that employing extremely rigid shear
keys can enhance column uniformity, yet, column uniformity can suffer if shear-key
stiffness is decreased. The curve's deflection and rigidity marginally validate the test
failure modes. Notably, FD1 and FD2 failed near edges, as indicated by relatively
greater FU-L, FU-R, and SB-R deflections. FD3 buckled near edges and at 1/4 to 1/2
column height, with the highest deflection indicated by FM-L, FM-R, SM-L, FB-R,
SU-L, and SU-R. FD4 failed near edges, with FU-R, SU-R, and SU-L indicating

maximum deflection.
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3.5 Compressive resistance (Py), axial shortening (4u), initial stiffness (Ke), and
ductility index (DI)
The load-shortening curves can calculate the ultimate load capacity (Py) and axial

shortening (4u). Since shear-keyed grouped tube shortening curves exhibit linear
behavior up to 80% of Py, the initial stiffness (Ke) can be determined using Eqn. 1. Eqgn.
2 can also be utilized to determine the ductility index (DI). The pre-and post-ultimate
ductility is represented by the indices 4y and DI. The Py, 4y, Ke, and DI values of the

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

_ Pasy,
K, = / 5% (1)

pi = ss/, @)

u
where Pyso,, Aysoe, and Agse, denote the 45% load of Py, axial shortening at P,sq,, and

shortening at Pgso,, Which can be determined using the method presented in Fig. 8(f)
[82]. Table 1 demonstrates that t; and Lt have a considerable effect on the axial behavior
of tubes, increasing Py while decreasing 4., Ke, and DI. FD2 and FD4 have a greater
capacity than FD3 but less than FD1, which indicates that shear-key t: and Lt improve
tubes' compressive resistance. Still, their boundary conditions are weaker because they
allow rotation. Columns without shear keys do not experience internal shear stresses or
neighboring column weakening before buckling. This is because tube edge rigidity has
risen.

4  Finite element analysis on shear-keyed grouped tubes compression behavior
Although the test provided valuable data, but not sufficient to support further research
on shear-keyed grouped tubular columns. Using test failure modes, ultimate strength,
strain, and LVDT data, a reliable FEM is generated to extend the study's range and
evaluate parametric influence, which is difficult to discover from testing solely. The

FEM is used to validate and support test conclusions.
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4.1 General
The commercially available FE software ABAQUS was used for the finite element

analysis (FEA) [83]. For modeling, ABAQUS/CAE was used. Linear elastic eigenvalue
buckling analyses were conducted utilizing the subspace iteration approach to extract
the buckling modes. Riks method was employed in the nonlinear analysis to discover

the load-shortening behavior.
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Fig. 11 Shear-keyed grouped tubes developed FEM
4.2 Mesh sizes
Shear-keyed grouped tube mesh models comprised of steel tubes, connecting plates,

and grouped shear keys welded to connecting plates, as shown in Fig. 11. Figure 11(a)
exhibits specifics of the validated model, Fig. 11(b) depicts varying mesh types, and
Fig. 11(c) shows details of column quantity. All components utilized deformable solid
hexagonal structural mesh controls with an eight-node linear brick, reduced integration,
and Hourglass Control Element Type (C3D8R), a recognized tool for simulating IMC
and MSS structural components [35,36]. Because it affects FEA precision, the element

size was carefully considered. As stated in the approach, different mesh sizes were
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employed [14-16]. A mesh study using types A, B, C, and D was undertaken with 100,
150, and 250 mm L to achieve precise mesh density. The P-4 curves are depicted in
Fig. 12(a). Figure 12(b) presents the Py, Ke, 4y, and DI ratios. The failure modes are
shown in Fig. 12(c). Four mesh type comparisons—A, B, C, and D—show that the Py
and Ke of FEA-generated curves drop and rise as mesh size decreases or increases. For
example, as mesh size rises from 10 to 18, 25, and 35 mm for types A to B, C, and D,
Pu (or Ke) increases by 87% to 143%, and 192% (80% to 147%, and 175%) with 100,
80% to 147%, and 175% (39% to 114%, and 92%) with 150, and 81% to 160%, and
201% (25% to 81%, and 88%) with 250 mm L.. It also indicates 4, initially fluctuates
between fine meshes; however, it reduces from 9% to 48%, 26% to 24%, and 24% to
27% as mesh size increases from 10 to 25 and 35 mm. Meanwhile, DI ratios scatter,
indicating weaker agreement throughout the recession period. Additionally, the failure
modes varied. It reveals that the failure modes of type A and B mesh models are located
at the mid-height, but types C and D display local buckling on the column ends. Failure
modes, P-4 curves, Py, Ke, 44, and DI of type C mesh sizes yielded results similar to
those of the tests in Table 1. Due to test validation accuracy and computational
efficiency, FEM uses type C with a maximum size of 25x25xt and a minimum of 25xtxt
for tubes. A non-calibrated FEM would provide inaccurate results, emphasizing the

importance of shear-keyed grouped tube testing.
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4.3  Finite element model
The bottom region was allowed to move vertically, enabling shortening, while the top

and bottom plates were restrained in all other directions. A column edge-coupling
constraint reference point experienced displacement loading. Shear keys and
connecting plates were welded in FD2, FD3, and FD4 specimens, whereas plates and
tubes were welded in FD1. Therefore, surface-to-surface contact was used to create a
"tie constraint™ for fusing them. In the mentioned studies, the interaction of a column
with connecting plates, a column with another column internally, and a column with
shear keys were modeled as surface-to-surface with "hard contact” as the normal and
"finite sliding" by "penalty friction formulation" as the tangential behavior [35,84]. This
facilitates pressure transfer between different components. The P-4 curves in Fig. 13
indicate the effect of the friction coefficient between shear keys and tube surfaces at L
of 100, 150, and 250 mm. As the friction coefficient rises from 0.1 to 0.2, 0.3, and 0.5,
it displays a slight marginal improvement in Py of less than 0.07%. For a L of 100 mm,
the improvement in Ke and deterioration in DI reached 9% and 19%, respectively. In
contrast, it resulted in an increase in 4, of 0% (2%, 1%), 9% (6%, 9%), and 6% (5%,
12%) for L of 100 (150, 250) mm. This is because the steel elastic modulus regulates
the majority of internal friction and determines cross-sectional stiffness and ductility
[82]. Thus, the exact friction coefficient was chosen to be 0.3.

Moreover, because the tubes and shear keys are made from hot-rolled steel sections,
they have homogeneous material properties, are ductile and durable, have tight corner
radii, and have minimal bending residual stresses [85]. The residual welding
deformation did not influence member resistance; thus, the FEM capacity with and

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

like the study on the MSB [11].
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Fig. 13 Influence of friction and connecting plate

4.4 Material simulation
Shear-keyed grouped tube components using an elastic-plastic model with kinematic

hardening based on the von Mises yield criterion, with material definition required the
properties specified in Table 1. As shown in Fig. 8(f), Eqns. 3 and 4 replace the
engineering stress-strain values with a bi-linear true stress-strain. Poisson's ratio equals
0.3.

or =o05(1+ eE)G 3)
er =In(1+ &g) — E—T (4)

N
where o and e define true stress-strain while oz and ez indicate Engineering
stress-strain.

4.5 Initial imperfection modeling
The test specimens were hot-rolled, non-welded tubes with shear keys inserted at both

ends. Since both the tubes and the shear keys contribute to compression resistance and
have a possibility of developing initial defects, it is challenging to evaluate
imperfections by moving the LVDT along the uneven surface [81]. Moreover, due to
the high-quality installation, severe defects are practically inevitable in MSS;

consequently, it is essential to investigate the effect of excessive imperfection on shear-
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keyed grouped tube compression behavior. Design standards suggest various initial
imperfections covering members out-of-straightness, varying between 1/500 and 1/200,
with L/1000 recommended for global imperfections and L/1996 reported for hot-rolled
members [87]. It is reported that an amplitude equal to L/1000 produces the most
precise findings [88]. Thus, following these studies, initial imperfections were modeled
and compared with the test results to obtain accurate amplitude. Therefore, tube
imperfection in Ref. [12] dealing with hot-rolled tubes in MSB and cold-formed tubes
in Ref. [53] were compared to obtain the accurate conservative imperfection amplitude
shear-keyed grouped tubes. Theofanous and Gardner [53] suggested local and global
imperfections attributed to cross-section thickness (t) or height (L) and eccentricity (e).
The study selected tubes thickness (t¢) values of t/100, t/10, t/5, t/2, and t; tube height
(Lc) values of L/2000, L/15000, L/1000, and L/500; and eccentricity (e) values of D/20,
D/8, and D/4, and compared the test results. In the study, t was t¢, and L was Lc. Figure
14(a-c) depicts the impacts on P-4 curves, whereas Fig. 16(a-f) displays Py, Ke, 4y, and
DlI. It was discovered that increasing amplitude from t/100 to t/10, t/5, t/2, and t lowered
Pu (or Ke) by 2% to 5%, 10%, and 17% (3% to 7%, 19%, and 33%). Whereas increasing
from L/2000 to L/1500, L/1000, and L/500 dropped Py (or Ke) by 1% to 2% and 6% (1%
to 4% and 12%). Additionally, increasing from t/100 to t/10, t/5, t/2, and t, and L/2000
to L/1500, L/1000, and L/500 did not influence DI but raised 4y by 1% to 21%, 50%,
and 111%, and 5%, 25%, and 53%. Compared to the test, the initial imperfection of
7/8t or 7L/1500 is optimal for predicting capacity.

Eigenmode analysis yielded initial buckling modes in Fig. 15(a,b) for welded and
shear-keyed grouped tubes. They were used to compare with test failure modes,
determine the failure mode closest to the test failure mode, and apply the imperfection

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

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

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

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

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

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

specimens and models examined in Table Al that estimated their P-4 curves with

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

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

al. [81], for applying and determining the initial imperfections.
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4.6 Validations
Four large-scale shear-keyed grouped tube axial compression tests failure mechanisms

and shortening curves are used for validations. Table 1 and Figs. 8(a-d) and 17
illustrate the test-to-FEA load-shortening curves and dispersion ratios of Py, Ke, 4y, and
DI. It demonstrates the FE's average estimations for Py, Ke, 4y, and DI during four
testings, 1.02, 0.83, 1.13, and 0.84. Ratios greater than 1.0 show that FE is slightly
overestimated, while ratios less than 1.0 reveal that the test has been overestimated. It
indicates that the FE produced average minor prediction errors of 1.8% for P, and 8.6%
for Ay but substantial scatters and overestimates for Ke and DI with an average of 20.9%
and 22.4%. This was primarily due to issues over soft support, material model and gap

variance, geometric simplifications, and initial imperfections.
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661  Figure 18(a-d) compares the FEA-obtained deformed shapes and von Mises stress
662  distributions of shear-keyed grouped tubes to the experimental outcomes. It
663  demonstrates that the developed FEM can accurately predict both neighboring tubes'
664  symmetrical and unsymmetrical deformed shapes and failure locations. For instance,
665 local inward and outward buckling at shear-key edges or mid, column mid-height, and
666  1/4 to 1/2 column height. It also accurately anticipated the S-shaped sinusoidal failure
667  mode with sequential inward and outward buckling pairs. These validations reveal that
668 the proposed FEM accurately predicts the compression behaviors of shear-keyed

669  grouped tubes.
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5 Discussions using parametric analysis

5.1 Investigated parameters and behaviors
The effects of shear-key thickness and height, length-to-width ratios, tubes-key gap,

steel tube thickness, height, and length-to-width ratios, columns spacing, number, and
connecting plate thickness on the compressive behavior of shear-keyed grouped tubes
were studied using validated FEMs. These FEMs are categorized into nine groups by
varying t: (5, 10, 35, and 180 mm with 100, 150, and 250 mm L), varying L: (50, 100,
200, and 400 mm with 5, 10, 35, and 180 mm ty), varying L (1.0, 1.5, 2.0, and 3.6 m
with 50, 100, 200, and 400 mm L¢), varying tc (5, 7, 8, and 9 mm with 1.5 m L, and
100, 150, and 250 mm L), varying D/B (150/150, 180/180, 250/250 mm with 100, 150,
and 250 mm Ly), varying d/b (184/184, 180/180, 176/176, and 172/172 mm with 100,
150, and 250 mm L), varying connecting plate thickness (15, 20, 30 mm with 100, 150,
and 250 mm Ly), varying spacing (0, 6, 24, and 36 mm with 100, 150, and 250 mm L),
and varying column numbers (1, 2, 3, and 4 with 100, 150, and 250 mm L;). As columns

showed varying relationships on Py, Ke, 4y, and DI, the influence of each parameter on
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these indexes would be the emphasis. Supplementary Table Al lists further
information about parameters and Py, Ke, 4y, and DI for these models.

5.2 Typical failure behavior
The failure modes of stubs, intermediate, and long shear-keyed grouped tubes are

summarized in supplementary Fig. B1. It demonstrates that there was no noticeable
global buckling detected. Because of nonrigid constraints, the tubes rotated slightly
around shear keys. Neighboring tubes exhibited symmetrical or asymmetrical local
inward and outward buckling, confined at shear-key edges or 1/4 to 1/2 column height
in both tubes' top or bottom locations. Furthermore, all tubular columns with 1, 2, 3,
and 4 shear-keyed tubes demonstrated visible S-shaped local inward and outward
buckling, identical on opposing tube sides while opposite on nearby faces. In short and
intermediate columns, the S-shaped failure was more obvious than in long tubes.
Furthermore, tubes on two, six, and eight surfaces in two, three, and four columns
contact each other without penetration, exhibiting a coupled S-shaped failure. Long or
large cross-section tubes have stress localization at the shear keys end, causing local
buckling. While the column's or shear-key height is reduced or increased considerably,
the behavior becomes uniform, extending the failure away from the edges to mid or
between 1/4 and 1/2 height.

5.3 Influence of shear-key
5.3.1 Shear-key thickness (4#)
Figures 19(a-c) illustrate the influence of the t; (5, 10, 35, 180 mm) on the P-4 curves.

Figure 20(a-d) shows its effect on the Py, Ke, 4y, and DI ratios with varied Lt. Raising
t: positively impacts Py and Ke but negatively influences 4, and DI. These findings are
entirely compatible with test findings. As the t; increases from 5 to 35 and 180 mm, the
Pu (Ke) increases by 4% and 4% (10% and 3%), 29% and 13% (13% and 6%), and 34%

and 24% (67% and 59%) with 100, 150, and 250 mm L. This is because increasing the
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t: value increases steel content, reduces slenderness and improves overall compressive
resistance. However, the impact on 4, (and DI) was negative, with falls of 38% and 9%
(60% and 53%), 43% and 3% (31% and 11%), and 52% and 50% (21% and 10%) for
100, 150, and 250 mm L. Increasing shear-key rigidity results in plastic buckling rather
than elastic. This increases tube yield strength while decreasing buckling strain and

recession, reducing 4y and DI.
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5.3.2 Shear-key length (4L:)
Figures 21(a-d) demonstrate the L: contribution to the P-4 curves. Figure 22(a-d)

shows its influence on the Py, Ke, 4y, and DI ratios with various t:. It indicates that
increasing Lt has a large positive impact on Py and Ke but a weaker relationship on 4,
and DI. These are completely compatible with test findings indicating as the Lt grows
from 50 to 100, 200, and 400 mm, the Py (Ke) increases by 1% (2% ), 3% (7% ), 3%
(7% ) and 13% (48% ), with 5 mm t;, and 1% (2% ), 2% (1% ), 2% (1% ) and 13%
(8% ), with 180 mm t:. Increasing the Lt value promotes overall buckling resistance due
to shear keys' enlargement, making a connecting plate to the tube joint more rigid.
Furthermore, modifying Lt had a minimal effect on the 4, and DI, yet, the impact on 4,
of the 5 mm t; was noteworthy by dropping to 1 %, 12%, 12 %, and 53% because the
shear key tube offered lesser contact length, reducing buckling strain, which reduces

ductility, as demonstrated in Figs. 9 and 22.
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5.3.3 Shear keys length to width (dxb)

Figure 23(a-e) shows the impacts of d and b for L; of 100, 150, and 250 mm. It reveals
that P, and K decrease linearly as the d and b values decrease since the spacing between
the shear-key and tube expands from 0 to 4 and 6 mm, respectively. For L: of 100, 150,
and 250 mm, as d and b reduced from 184 to 176 and 172 mm, the Py (or Ke¢) declined
by 23% to 35% (36% to 39%), 26% to 34% (51% to 45%), and 22% to 30% (41% to
28%). Because decreasing d and b decreases the cross-section area and raises tube-key
spacing; thus, the tube buckles elastically due to the weakening of composite action by
tubes and shear keys. Furthermore, 4, rises by 84% to 71%, 170% to 113%, and 49%
to 25% due to possible elastic buckling, which raises buckling strain and 4,. However,
declines in d and b had a weaker relationship with DI. This is due to the varying amounts

of shear stresses experienced by tubes during severe buckling.
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5.4 Influence of column

5.4.1 Column’s height (4Lc)
Figure 24(a-d) shows the contribution of L. to the P-4 curves. Figure 25(a-d) depicts

its effect on the Py, Ke, 4y, and DI ratios with varying L. It shows that increasing L has
no significant effect on strength and ductility, i.e., Py, 44, and DI, while significantly
reducing Ke in a linear declined pattern. With an increase in L. from 1.0 to 1.5, 2.0, and
3.6 m, the Ke at 50 mm L; decreases by 15%, 40%, and 58%, at 100 mm L by 27%,
31%, and 60%, at 200 mm L by 24%, 37%, and 60%, and at 400 mm L by 19%, 35%,
and 57%. Reduced stiffness is because increasing L. increase the slenderness ratio,
making the column more prone to global buckling, crookedness, and P-¢ or shearing

effect. Moreover, boundary constraints become weaker with increased L.
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Fig. 25 Influence of the AL
5.4.2 Column's thickness (4tc)

The effects of tc (5, 7, 8, and 9 mm) on the P-4 curves are illustrated in Fig. 26(a-c).
Figure 27(a-d) plots tc impact on the Py, Ke, 4y, and DI ratios for Lt of 100, 150, and
250 mm. It demonstrates that P, and Ke increased linearly as the tc value increased.
With an increase in tc from 5to 7, 8, and 9 mm, the Py (or Ke) increased by 116%, 179%,
and 209% (223%, 378%, and 374%) for Ly 100 mm, 102%, 162%, and 185% (92%,
217%, and 187%) for Lt 150 mm, 110%, 174%, and 198% (114%, 234%, and 223%)
for Lt 250 mm. Simultaneously, 4y is fallen by 40%, 43%, and 26% for L 100 mm, and
22%, 44%, and 0% for Lt 250 mm. In comparison, DI is risen by 35%, 71%, and 57%
for Lt 100 mm, and 30%, 7%, and 22% for L+ 250 mm. Increasing tc decreases D/tc, or
L¢/r, improving buckling resistance and enhancing the tubes' strength, stiffness, and
post-buckling ductility. Furthermore, as tc increases from 5 to 9 mm, D/t; decreases

from 40 to 22, resulting in a change from Class 4 to Class 1 cross-section.
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Fig. 27 Influence of At
5.4.3 Column length to width (DxB)

The effect of changing tubes D and B (150, 180, and 250 mm) with L; of 100, 150, and
250 mm is shown in Fig. 28(a-e). It illustrates that P, and Ke increased linearly as the
D and B values increased. The Py (or Ke) increased by 4% to 10% (9% to 27%), 8% to
12% (23% to 27%), and 2% to 5% (10% to 27%) for L 100, 150, and 250 mm as D and
B increased from 150 to 180 and 250 mm. Simultaneously, 4y showed a decrement of

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

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

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

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

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

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

in a change in cross-section class.
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Fig. 28 Influence of DxB

5.4.4 Columns spacing

Figure 29(a-c) shows the P-4 curves, highlighting the column spacing effect between

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

the Py, Ke, 4y, and DI ratios is depicted in Fig. 30(a-d). It shows that as the spacing

raised from O to 6, 24, and 36 mm, Py, K¢, and DI improved linearly. Py (Ke and DI)
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814  grows by 4% (24% and 52%) to 3% (18% and 84%), and 8% (41% and 3%), 4% (23%
815 and 5%) to 4% (31% and 83%), and 3% (29% and 64%), and 8% (26% and 46%) to 7%
816  (26% and 36%), and 6% (19% and 17%) as spacing raises from 0 to 6, 24, and 36 mm.
817  Simultaneously, for L of 100 (150 and 250) mm, 4, falls by 38% (28% and 42%), 34%
818  (44% and 40%), and 55% (44% and 31%). Increasing column spacings minimizes the
819  mutual weakening of adjacent tubes and shifts failure behavior from symmetrical to
820 unsymmetrical, boosting buckling resistance, strength, stiffness, and post-buckling
821  ductility. However, when stiffness increases, ductility falls due to bending stresses and

822  areduction in buckling strain since each tube works independently.
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Fig. 30 Influence of columns spacing
5.4.5 Columns quantity

Figure 31(a-e) depicts the P-4 curves and scatters of the Py, Ke, 4y, and DI ratios,
emphasizing the columns number effect with L of 100, 150, and 250 mm. Figure 32(a-
c) demonstrates the impact on the failure modes. Py and Ke improved linearly as the
column number increased from 1 to 2, 3, and 4. Py (Ke) increases by 113% (59%) to
236% (179%), and 342% (261%), 118% (77%) to 243% (197%), and 347% (286%),
and 117% (66%) to 241% (208%), and 357% (292%). Simultaneously, the relationship
between 4y, and DI is weaker. Furthermore, the rise of the Py by 2.1, 3.4, and 4.4 times,
and the Ke by 1.6, 2.8, and 3.6 times confirms that increasing the number of columns
increases the cumulative cross-section area, which improves compression behavior. A
rise of more than 2, 3, and 4 times from individual to grouped columns confirms the
favorable influence of grouped tubes. Besides, increasing the column number transfers
failure from the tube's mid-height to the shear-key edges, supporting the controlling

function of shear keys.
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5.5 Influence of connecting plate thickness

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

connecting plate thickness from 15 to 20 and 30 mm had a minor impact on Py (Ke),
with a 1% (3%) to 3% (7%) increase observed for L; of 150 mm. Simultaneously, there
is a lesser association with A4y, but there is an increase in DI, such as 21% to 7%, 44%
to 1%, and 8% to 6% for L of 100, 150, and 250 mm. Because Class 1 members suffer
local buckling, connecting plates play a smaller influence in the tube's compression
behavior in pure axial compression. However, the recession stage is accelerated because

plates provide some resistance after severe buckling.
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Fig. 33 Influence of friction and connecting plate
6 Analytical studies on shear-keyed grouped columns

The shear-keyed tube failure mechanism discovered an S-shaped pattern with local
inward and outward buckling demonstrating elastic and plastic failure. It implies that
elastic buckling causes normalized cross-sectional and member strength of tubes to
decline. Moreover, whether inelastic or elastic, local buckling influences the cross-
sectional and member capacity [62]. Additionally, the non-conservativeness of the EC3
cross-sectional resistance is more than the member resistance design with stability
coefficients. Therefore, conservative designs take the stability coefficients, radius of
gyration, and elastic buckling stress into account [62]. Likewise, member global
strength rather than cross-sectional strength produces more conservative results in such
situations [14]. Similarly, as in Refs. [80,81], yield strength failure with local buckling
of tubes adopted members' global strength equations for design. Moreover, fixed-ended
stubs used local buckling reduction factors [89]. Furthermore, the member buckling
strength was the primary design strength criterion used in Ref. [90]. Simply-supported
concentrically compressed steel members also used the global strength model [88]. This
indicates that the global strength prediction methodology with tube stability coefficients
is a well-known elastic and plastic design method. In order to obtain a buckling

resistance more conservatively than a cross-section strength design, the design
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approaches used the column’s global strength stability coefficient to account for local
elastic and plastic buckling of shear-keyed grouped tubes.

6.1 Yielding strength
Figure 34(a,b) shows the normalized scatter P,/f,A and B,/xf,A to determine the

compression yielding or elastic buckling [91]. The term B, represents the compression
resistance listed in supplementary Table Al. EC3:1-1 classifies cross-sections,
recommending plastic buckling beyond yield for Class 3, and elastic buckling before
yield for Class 4. Therefore, B,/f,Aor P,/xf,A<1 for D/te < 42 of Class 3 limit
was considered non-conservative due to the yielding incapability, while
P,/fyAor B,/ xf,A>1 was deemed as conservative due to the full-yielding. Moreover,
P,/fyAor B,/ xf,A<lfor D/te > 42 of the Class 4 limit was considered conservative,
not able to achieve yielding, while P,/f,AorP,/xf,A>1 as non-conservative,
implying to undergo yielding. It demonstrates that P, /f, A or P, /xf,A<1.0, indicating
the EC3:1-1 Class 3 limit is non-conservative except for two samples. For the Class 4
section, the results were conservative, validating the existence of elastic buckling. This
is infinitesimally consistent with the test findings. Shear-keyed tubes have a lower
nominal capacity, making full-yielding harder. This necessitates updating classification
limits for non-slender sections in EC3 to ensure a safer design.
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Fig. 34 Normalized resistances of shear-keyed grouped tubes
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6.2 Code equations on ultimate strength
In EC3:1-1 [91], shear-keyed grouped tubes are designed as follows:

Pu,c = fyAs(orAeff) /VMO ) Pu,b = XfyAs(OrAeff) /VMO )
where yyo represent modified safety factors. The code [92,93], standards [94],
statistical studies [95], and research [14-16] recommended it 1.0. Since the study
reveals overestimations of 127 and 124 outcomes for B, . and P, ;, with yy, as 1.0, it

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

100%. The factor y is obtained as:

x=1/[p+ (p*? = 21)**1 <1 (7)
¢ =05[1+a(1—-02)+22]; 2= /f,As/P-r )
10,  Ar(A,) < 0.673
pr(pw) = 1 A () = 0.0553 +9) _

10, 2@ >0673 O

A7 (™) B
d/t(b/t
MGy = |2 = O (10
Ocr 28.48\/](0
where ¢, ps, py, Y = ZZ::C and k, represent the imperfection, reduction, stress, and

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

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

Cr = pAE,(1 + A2n)7n 2 = jg i F, = an/(KL/r)z (11)
e
where n is 1.34 for hot-rolled. The code suggests safety factors ¢ of 0.9 overestimates
86 outcomes; the study recommends ¢ = 0.5, improving prediction underestimations
by 100%.

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

P, = chs(Aeff) (12)
;= {Q[0.658ny/fe]fy, if Qfy/f. <225 £ —ne KLy (13)

0.877f,, if Qfy/fe>225"
where f, and Q represent the buckling stress and net reduction factor [98]:

Q ={1.0 if d/t <1.40E,/f, (NS) (14)
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Q ={Q,0, if d/t > 1.40,2/1;32210i ;S)); Agsr = As — 2t(b — b,) — (15)
Q =0Qq(Qs =1); and @, = jeff/As (AISC Egn-7) (16)

0.34
b, = 1.92t |Es/f, [1 YD) /Es/fy] <bif b/t

e (17)
> 1.49 |-, otheriwse = b
fy

0.38
d, = 1.92t |E,/f, [1 ~ @D /Es/fy] <d,if 4/,

E (18)
> 1.40 —S,otherwise =d
fy

where b or d can be taken as B/D-2t, and Q, and @, denote the reduction factors for
slender unstiffened, and stiffened elements [98]; b, and d, denote the effective length
and width. Since reduction factors Q = 1.0 or Q = Q,Q, overestimates 122 outcomes,
the study recommends Q = 0.5 for both slender and non-slender shear-keyed columns
to achieve conservativeness of 100%.

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

1-—mA,%  if 1, <0215

P, =ofyAs; 9 =1 1 19
u = PhAs ¢ - Z[K—\/KZ——W' if 1, > 0.215 39)
n

A
K =(az + asly +4,°); An = — /fy/Es (20)

(@, =0730, 1,<1.05 (21
a, = 0906, A, <1.05

a; = 0.650 az = 0.595, An < 1.05
Type B = {az = 0.965; Type C = < or
az = 0.300 a, = 0.730, An > 1.05

a, =1.216, A, > 1.05
\a; = 0.302, 1, > 1.05
where ¢ is the safety factor. Since safety factors values a; = 0.650; a, =

0.965; a3 = 0.300 overestimate 120 outcomes; the study recommends a; =
15.965; a, = 1.80; a3 = 1.65 for shear-keyed grouped members, improving

prediction underestimations by 100%.
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6.2.1 Reliability analysis

The reliability of modified predictions was validated by examining Py of 133 shear-
keyed grouped tubes listed in supplementary Table Al. Figure 35 compares the
findings with non-modified equations. It reveals that the average (Covs) analysis-to-
prediction ratios provided by EC3-C, EC3-B, CSA S16, AISC360-16, and GB50017-
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
demonstrates that codes provide non-conservative estimates with 127/124 over- and 6/9
under-estimations for EC3-C/EC-B, 86 over- and 47 under-estimations for CSA S16,
122 over- and 11 under-estimations for AISC360-16, and 120 over- and 13 under-
estimations for GB50017. Few slender or tube-shear keys large gap FEM produced
conservative outcomes due to strength underestimation. Furthermore, CSA S16 was the
most conservative, whereas EC3:1-1 had the most non-conservative outcomes. The
outcomes of modified prediction equations are compared in Fig. 36. EC3-C, EC3-B,
CSA S16, AISC360-16, and GB50017-2017 have average (Covs) analysis-to-
prediction ratios of 1.61(0.14), 1.63(0.14), 1.73(0.12), 1.69(0.13), and 1.88(0.16),
respectively. The average>1.0 confirms that modified equations generated conservative
estimates, with 133 underestimations and 0 overestimations for EC3-C, EC-B, CSA
S16, AISC360-16, and GB50017, respectively.

As previously stated, the cross-sectional slenderness limits for accumulating shear-
keyed grouped tubular columns should be revised. The modified code equations
enhanced the conservativism for EC3-C, EC3-B, CSA S16, AISC360-16, and
GB50017-2017 of Py from 5%, 7%, 35%, 8%, and 10% to 100% for 133 models of

shear-keyed grouped tube columns.
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2 3 %o 0000
210 1y R
2 Linear pattern=1.0 Overestimations T>€ Overestimations
g Non-conservative  <l.0=unsafe prediction| < Non-conservative ~ <l.0=unsafe prediction
< 0.0 T T T < 0.0 T T T

80 90 100 110 120 120 126 132 138 144
Sample Number Sample Number
Specimen 1-40 40-80 80-120 120-133 Total

Mean Cov  Mean Cov Mean Cov Mean Cov Mean Cov
O EC3-C 166 013 170 0.15 1.50 0.09 1.51 0.07 1.61 0.14
O EC3-B 169 014 172 0.16 1.52 0.09 1.53 0.07 1.63 0.14
OcsAsie 171 0.14 1.73 0.17 171 0.08 181 0.07 1.73 0.12
% AISC360 169 014 165 0.18 1.70 0.08 1.80 0.07 1.69 0.13
AGB50017 191 017 183 0.24 1.90 0.08 2.02 0.07 1.88 0.16

Fig. 36 Modified equations outcomes

The primary application of the design approaches is to evaluate the axial compression
resistance of MSB's non-welded steel shear-keyed grouped tubular columns with fixed-
fixed boundary conditions with and without the key-to-tube gap in an averagely
conservative manner. Class 1 to 4 steel hot-rolled cross-sectioned columns may be
designed with the hot-rolled hollow box or solid-shaped non-welded shear keys without
threads, grouting, and concrete composite infill. Shear-keyed tubes with welded [99] or
bolted [100] shear keys on the ends may affect uplift, failure, and compressive response;
hence, design procedures cannot be applied directly to them and would need further

investigation.
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Conclusions

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

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

failure response. Meanwhile, FEA was created for parametric investigations. Using
four code prediction equations, modified predictions were developed for evaluating
compression resistances. The following are the outcomes of these studies:

1. Shear-keyed grouped tubes P-4 curves displayed linear elastic, nonlinear, and
recession zones. With less ductility and a shorter recession zone, tubes with
thicker but shorter shear keys exhibited lower yield strength and initial stiffness
but greater ultimate resistance. Thin shear keys were associated with longer
elastic and recession zones, better yield, and poorer ultimate strength with
improved pre- and post-ultimate ductility. Conversely, the welded grouped
column had the highest stiffness, yield, ultimate strength, and the greatest
ductility and recession. Local inward or outward buckling occurs when tubes
attain their maximum compressive strength. A recession eventually leads to a
loss in capacity and an increase in local buckling.

2. Shear-keyed grouped tubes failed differently from directly welded tubes, with
inward buckling followed by outward buckling, producing an S-shaped pattern.
Buckling can be symmetrical or asymmetrical, with bulged-out regions on
adjacent columns' interior sides, resulting in tube contact and double S-shaped
buckling. All specimens failed to owe local inward and outward buckling at
shear keys, column mid-height, or between 1/4 and 1/2 tube height. Contrarily,
fully welded columns exhibited one type of symmetrical local buckling on all

sides of the columns on loading ends. On the interior faces, inward buckling
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prevents tubes from touching. However, tube failures were identical on

opposing sides but opposite on the adjacent faces of tubes.

. Shear-keyed and fully-welded grouped tube strain curves showed linear,

nonlinear, and recession phases. Numerous tube regions did not yield and
buckled elastically. The S-shaped sinusoidal local buckling failure mode
exhibited identical elastic and plastic local buckling on opposite sides and
opposite on neighboring sides. Increasing the shear key's thickness and length
shifted elastic buckling to plastic. However, all sections in fully-welded tubes
yielded and displayed local plastic buckling.

Increasing ti, Ly, tc, D, B, d, b, columns spacing, and number increases grouped
tubes Py and Ke in a linear pattern; however, their effect on 4, and DI seemed
significantly variable. Moreover, increasing L¢ or L¢/r did not influence Py but
considerably decreased Ke and 4, in a linearly declining pattern. Reducing d and
b increases the tube-key gap and decreases Py, Ke, and DI while increasing Au.
Contrary, increases in connecting plate thickness have minor effects on Py and
Ke of 1%. Furthermore, increasing the column from 1 to 4 increases the Py by
2.1, 3.4, and 4.4 times and the K¢ by 1.6, 2.8, and 3.6 times, confirming the
beneficial influence of shear-keyed grouped tubes.

Because the EC3 Class 3 limit prevents elastic buckling, the predicted nominal
capacity of shear-keyed grouped tubes with and without buckling length
decreases dramatically, making it difficult for similar non-slender cross-
sections to yield fully and rendering the EC3 Class 3 slenderness limit non-
conservative. Because the Class 4 limit prevents yielding before elastic buckling,

a conservative design requires an update to Class 3.
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6. The FEM accurately simulated shear-keyed grouped tube compression behavior

by producing average minor prediction errors of 1.8% for P, and 8.6% for 4,
and a slight substantial scatter of 20.9% and 22.4% for K¢ and DI. Py and Ke
increased linearly as the mesh size increased from 10 to 18, 25, and 35 mm,
while 4y or DI decreased significantly. Py, and K. decreased when initial
imperfection increased from t/100 to t/10, t/5, t/2, and t and L/2000 to L/15000,
L/1000, and L/500. Furthermore, raising t/100 to t and L/2000 to L/500 increased
Ay, respectively. Failure modes of various mesh densities were inconsistent and
varied in location, but initial imperfection did not affect failure modes. As
determined by FE and testing, type C mesh and the design value of 7/8t or
7L/1500 imperfection amplitude adequately anticipated shear-keyed grouped

tube compression behavior.

. The predicted Py values of 133 shear-keyed tube models using the EC3-C, EC-

B, CSA S16, AISC360-16, and GB50017 equations were non-conservative,
with around 127 overestimations for EC3-C, 124 for EC-B, 86 for CSA S16,
122 for AISC360-16, and 120 for GB50017. The modified code equations
increased the number of conservative and safe estimates for EC3-C, EC3-B,
CSA S16, AISC360-16, and GB50017-2017 to 133, attaining 100%

conservatism.
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