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Abstract: The development of simple connection methods is necessary for increasing cold-formed steel (CFS) construction activities. A new
splice connection concept for the CFS built-up column-to-column connections is presented in this paper. This simple connection concept will
use the same size and shape of the geometry as the CFS built-up column, which will enable a quick erection process. The new splice con-
nection configurations, arrangement, and installation methods for cold-formed steel construction are demonstrated. Twenty-eight experi-
ments, which include four actual columns, two disconnected columns, and 22 columns with splice connections, are carried out. This
paper examines the influence of various parameters of splice connections such as length, thickness, and number of fastener rows. The design
strength of the actual column is determined using the direct strength method (with modified global and local slenderness approaches) and is
compared with the results of the splice connected columns for adequacy. The force transfer mechanism and failure modes of splice connection
components are demonstrated in the form of detailed sketches. The smaller length splice connections led to localized failures, while the longer
splice connections enabled the uniform force distribution between the built-up column cross-sections. Finally, it is recommended that the
splice connection configuration should be a minimum of 300 mm in length, the splice thickness should be equal to the CFS built-up cross-
section, and two rows of fasteners for attaining the required design strength of the built-up column members. DOI: 10.1061/JSENDH.
STENG-11540. © 2022 American Society of Civil Engineers.

Author keywords: Cold-formed steel (CFS); Built-up cross-section column assemblies; Column-column connections; Splice connections;
Practical applications; Fastener connections.

Introduction

The evolution of cold-formed steel construction from low- to mid-
rise to multihigh-rise structures necessitates built-up cross-section
members rather than traditional single sections. In general, the
built-up cross-sections are used as corner columns and as inter-
mediate columns at regular spacing in the cold-formed steel (CFS)
construction. In Indian construction practice, the column-to-
column connections are avoided at the floor level and at the vicinity
of the beam-column connections to prevent column failure (strong
column weak beam). Typical, splice, and end-plate connections
used in hot-rolled steel construction [Figs. 1(a–h)] will not apply
to the CFS sections due to the complexity of bolting, welding, and
drilling works. The splice connections with unstiffened plain plates
[similar to Fig. 1(a)] are currently being employed for CFS built-up
assemblies, but there is a vulnerability to buckling of the thin CFS
plates. In addition, the column-to-column connections in the built-
up assembly of CFS construction shall not have any extrusions or
projections beyond the size of the column for the attachment of
sheathing boards [Figs. 1(q–u)]. Therefore, the column-to-column
connections in the CFS construction shall be simple and aligned

with the geometry of the common built-up column assemblies used
[Figs. 1(j–p)].

Although a design guide by the National Institute of Standards
and Technology (NIST 2016) provides an alternative way to elimi-
nate the column-to-column splice connections in CFS construction,
it is necessary to have a specific design guideline for CFS column-
to-column connections for unavoidable circumstances. Therefore,
this research aims to address the following questions: (1) where to
provide the splice connection to achieve the strength and stiffness
equal to the normal column; and (2) what is the connection con-
figuration required to uniformly distribute the force, including
length of the splice, the thickness of the splice, and a number of
fastener connections?

Splice Connection Concept Development for
Built-Up Column Assembly

Geometry of the Splice Connection for Built-Up
Column Assembly

In this research, simple connection forms are developed for the CFS
built-up column-to-column assemblies. The connection forms are
developed such that they are the same shape as the built-up column
cross-sections and do not create any additional extrusion in the
built-up column members to enable sheathing installations. The
splice connection configuration was developed simply in both
geometries as well as in the installation procedure. This simple
splice connection can be provided from inside and outside the
built-up cross-section assemblies, as shown in Figs. 2(a and b);
however, the inner splice provision will be difficult for installation
due to geometric imperfection (deviation from the original shape),
difficulty in holding the splice component inside the built-up cross-
section during the fastener driven process, and difficulty in marking
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Fig. 1. Traditional column-to-column connections in hot rolled steel members: (a) External cover plate connection for same size columns; (b) internal
cover plate connection with welding for different size columns; (c and d) bearing-type end plate connections for I-section columns; (e) bearing-type
end plate connections for tubular columns; (f and g) side-plate welded connection for tubular columns; (h) bearing-type base plate connections for
changing geometry columns (i) View of CFS wall frame construction with various members and connections; (j) connection between end track and
corner column; (k) connection between end track and intermediate columns; (l) back-to-back connected column; (m and n) built-up column with three
cross-sections; (o and p) built-up column with four cross-sections; various fastener connections in cold-formed steel construction; and (q–u)
connection between sheathed wall-to-wall in cold-formed steel construction.
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on the inner splice for accurate fastener edge and end distance to
avoid tearing or cleavage failure. Due to these reasons, most of the
previous research on the CFS connections used outer splice or outer
overlap (Ho and Chung 2006; Zhang and Tong 2008; Dubina and
Ungureanu 2010; Liu et al. 2015); it is also an industry preference.
Therefore, the outside splice connection method [Fig. 2(b)] was
adopted in this present approach for developing a new connection
for a built-up column assembly. The connections are developed for
three different common forms of CFS built-up column assemblies:
(1) back-to-back connected lipped channels [Fig. 3(a)]; (2) back-to-
back connected unlipped channels [Figs. 3(b and c)]; and (3) face-
to-face connected unlipped channels [Fig. 3(d)]. Geometrically,
the developed splice connections can be classified into two catego-
ries: same size splices and oversize splices. The oversize splice
can be used in the back-to-back (I-shape) connected built-up col-
umns formed from lipped channels [Fig. 3(a)] and face-to-face
connected closed cross-section assemblies formed from unlipped
channels [Fig. 3(d)], while the same size splice can be used in
the back-to-back connected (I-shape) built-up column cross-section
assemblies [Figs. 3(b and c)], which are formed by two unlipped
channels.

The oversized splice can also be used for the back-to-back con-
nected unlipped I channels [Fig. 3(c)] but only where the individual
limbs of built-up members are cut at the same location and need to
be connected [depicted in Figs. 4(s–v)]. However, such full-cut
splice connections in CFS built-up members are not a preferable
practice in the industry due to the uncertainty of achieving full
strength and stiffness of the member, and, even though they are all
of the same size and shape (four individual limbs, i.e., two each
from two built-up sections), the imperfection and end distortion
due to handling, lifting, and transportation may make the assem-
bling and connecting critical in the construction site. Nevertheless,
the present research attempts to have a full-cut splice connection in
CFS built-up members for investigating the structural behavior and
possible practical application.

Location of the Splice Connection for Built-Up Column
Assembly

The splice connections in the built-up column assemblies are to be
used for the overlength CFS structural members, which are prone
to fail due to global instability. Therefore, the location of the splice
connection along the length of the member may significantly influ-
ence the structural behavior and failure mode. Furthermore, the
primary purpose of this splice connection in a CFS built-up
column-to-column is to maintain the column’s center of gravity
(keeping the section’s center of gravity and loading axis closer or
make it coincide) and ensure that the column member achieves its
design load of the actual column (without a splice connection).
With that objective, it is necessary to find an appropriate location
(middle of the column or between the middle and end of the
column) for the connection between the two individual limbs in
the built-up cross-sections. The columns will have higher deflec-
tion (flexural or torsional buckling, bend or twist) and moment at
the midlength caused by load, an additional effect due to the initial
imperfection and inherent eccentricity. Thus, it is not possible to
have a splice connection at the high moment region irrespective
of the boundary conditions. The appropriate location for splice con-
nection would be the place where the influence of the moment is
insignificant; hence, the designer must locate the splice connection
prior to the fabrication of the long CFS wall frame.

In the case of a fixed end column, there is an end moment at
the supports, a maximum moment at the midlength, and the total
unbraced length (distance between zero moment points) is half the

Positioning of these
fasteners with accurate
edge and end distance
on the inner splice will

be difficult

Fasteners can be
positioned with

accurate edge and end
distance with marking

on outer splice

L/2

L/4

L/4

L

(a) (b)

(d)(c) (e)

Inner
splice

provision

Outside
splice

provision

3
4 L

L/4

Fig. 2. Possible splice connections in cold-formed steel construction:
(a) column-to-column connection with inner splice; (b) column-to-
column connection with outer splice; (c) fixed end column deflection
shape; (d) appropriate location for the splices; and (e) hinged end
column deflection shape.
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length (L=2 = middle half length of the column); therefore, it will
be appropriate to locate the splice connection at the L=4 distance
from both supports, as shown in Figs. 2(c and d). If a splice con-
nection is provided at an L=4 distance from the ends, the maximum
length of the single limb in the built-up cross-section will be three-
quarters of the overall length of the member, as shown in Fig. 2(d).
In the case of the both ends pinned column, the maximum moment
is at the middle of the column and zero moments at the supports.
However, practically, zero moment at the ends of the CFS wall
panel frame is not possible due to the anchoring effect by hold-
down connections (with the concrete or steel member) at the sup-
ports. Studies by Vieira (2011), Vieira and Schafer (2013), Ye et al.
(2016), Serrette and Ogunfunmi (1996), and Serrette et al. (1997)
on CFS wall panels have endorsed the same. Therefore, the provi-
sion of the splice connection for a built-up member may be placed
at an L=4 distance from the supports for fixed and pin-end condi-
tion columns. One additional advantage in this built-up column
assemblies for a splice connection is that there is no need to have
a full cut in both the CFS limbs at one location [as shown in
Fig. 4(s)]; rather, one limb can be cut at an L=4 distance from the
bottom support end, while the other can be cut at L=4 distance from
the top support end, as shown in Fig. 2(d).

Present Investigation

The objective of this present investigation is to experimentally
understand the structural behavior of the splice connections in vari-
ous CFS built-up column assemblies. The adequacy of the splice
connections was checked by comparing the strength (both ultimate
and design strength) and stiffness (initial slope in load-versus-
displacement plot) of the splice connected column and actual
column (column without any splice connection). The length of the
column tested is limited to the height of the compression testing
machine (1,800 mm) used. It is anticipated that the findings of this
study will apply to the higher length of the column, as the axial

compression strength of the longer column is less than that of the
shorter column. Thus, if the proposed splice connection is capable
of transferring the compression force in the 1,800 mm length col-
umn, then it will also be able to transfer the load in a long column
with lesser compressive force.

Twenty-eight built-up columns were tested in this investigation,
including four different built-up cross-sections in which the design
parameters of the splice connections are varied. In each of the four
different cross-sections, an actual column without any splice con-
nection was tested first to understand the overall structural behavior
(ultimate strength, initial stiffness, and failure mode). The param-
eters investigated are mainly the length of the splice (90, 100, 150,
200, and 300 mm), the number of fastener rows (single row and
double row), the thickness of the splice (1.5, 2.0, and 2.5 mm), and
location of the splice. Although it was decided not to have the
splice connection at the midlength of the column, two columns
were tested with midsplice connection with two different lengths
of the splice for comparison.

The four different built-up cross-sections investigated in this
study are shown in Fig. 3 and Table 1 with dimensions. Of the four
different cross-sections, three of them are back-to-back connected
built-up cross-sections (BBCL-100-50-1.5, BBCU-50-65-1.5, and
BBCU-70-50-1.5), and one is of face-to-face connected built-up
cross-section (FFCU-50-50-1.5). All the built-up columns tested in
this study are 1,800 mm long and with an intermediate fastener
spacing of 180 mm (L=10). The ratio for the ða=riÞ=ðKL=rÞo for all
the specimens was less than 0.5 (0.21 to 0.28, as shown in Table 1)
according to Section II.2 of AISI 2020. The built-up columns were
tested with a fixed-fixed end condition.

Nomenclature for the Experimental Investigation

First, the CFS built-up cross-sections were named based on the
geometry (specimen ID in Table 2); for example, the back-to-
back connected lipped channel cross-section geometry was named
BBCL followed by its full built-up cross-section dimensions

Bo

(a) (b)

D or Do

(c) (d)

lp

Bo

Bo
Bo

D or Do

D or Do D or Do

B

B

B B

Fig. 3. CFS built-up cross-sections: (a) back-to-back connected lipped channels; (b and c) back-to-back connected unlipped channels; and
(d) face-to-face connected unlipped channels.
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(i.e., depth, breadth, thickness); similarly, the face-to-face con-
nected unlipped channel cross-section was named as FFCU. The
identity “L” and “U” in the column cross-section type indicates
the use of lipped and unlipped channels, respectively. The splice
connection columns (Splice ID in Table 2) were named based on
the length, thickness, and number of fastener rows; for example,
the Splice ID “SL-90-1.5-SR” indicates that the length of the splice
is 90 mm, thickness is 1.5 mm, and has a single-fastener row.

The detailed dimensions of the built-up cross-sections and splice
dimensions are summarized in Tables 1 and 2 with corresponding
figures.

Built-Up Column Fabrication

The CFS channels for the built-up CFS columns were fabricated
from steel sheets by the press brake process. The CFS sheets were

(a)

(b)

(c)

(d)

(e)
(f) (g)

(h)

(i)

(j)

(k)

(l)

(m)

(n)

(o)

(p)

(q) (r)

(t)

(u)

(v) (w)

(x)

(y)

(z) (aa)(s)

25 mm

L
/4

L
/2

L
/4

25 mm

18
00

 m
m

25 mm

18
0 

m
m

65
 m

m
65

 m
m

65
 m

m

15
5 

m
m

(ab)

Fig. 4. Splice connection configuration, arrangement, and installation methods for cold-formed steel construction: (a–f) over-size splice for the back-
to-back connected lipped channel built-up column assembly; (g–l) same size splice for the back-to-back connected unlipped channel built-up column
assembly; (m–r) same size splice for the back-to-back connected unlipped channel built-up column assembly; (s–v) over-size splice at the mid-length
for the back-to-back connected unlipped channel built-up column assembly; (w–aa) over-size splice for the face-to-face connected unlipped channel
built-up column assembly; and (ab) Dimensions and spacing configuration in the splice connected built-up column.
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cut to the desired specimen length for press braking. The CFS
sheets are of different yield strengths, as summarized in Table 3,
with zinc-coating. After the press braking process, two identical
CFS channels were connected by two parallel rows of fasteners,
as shown in Fig. 3. The fasteners are drilled at a 25 mm distance
from the ends of the column followed by a constant intermediate
connection spacing (a). To prevent the unthreading of fasteners dur-
ing buckling, the fasteners are aligned in opposite directions in the

same row (alternative), as per Indian industrial practice (as shown
in Fig. 3). To further ensure the rigidity of fastener connections,
the self-drilling fasteners are drilled such that a minimum of three
threads are penetrated through the last steel sheet (NAHB 1997).
After forming built-up cross-sections, the ends of the columns were
milled (grinding) for the proper welding of column end plates.
The dimensions of the end plates were larger by a minimum of
100 mm than the overall column cross-section, and the thickness

Table 1. Dimensions and slenderness of the CFS built-up column assembly sections

Column type Figure
Specimen

ID

Cross-section dimensions of the
individual C channel (mm)

Cross section dimensions of the
built-up column channel (mm)

Built-up
column
length

(L) (mm)
ða=riÞ=
ðKL=rÞo

Flange
(B)

Web
(D)

Thickness
(t)

Lip
(lp)

B-flange
(Bo)

B-web
(Do)

Fastener
spacing (a)

L=a
Actual
(mm)

Back-to-back connected
lipped channels

Fig. 3(a) BBCL-100-50-1.5 50 100 1.5 15 100 100 10 180 1,800 0.27

Back-to-back connected
unlipped channels

Fig. 3(b) BBCU-50-65-1.5 65 50 1.5 — 130 50 10 180 1,800 0.21
Fig. 3(c) BBCU-70-50-1.5 50 70 1.5 — 100 70 10 180 1,800 0.28

Face-to-face connected
unlipped channels

Fig. 3(d) FFCU-50-50-1.5 50 50 1.5 — 50 50 10 180 1,800 0.23

Note: B = width of the flange of the individual channel cross-section; D = depth of the web of the individual channel cross-section; t = thickness of the
CFS channel and built-up cross-section assembly; lp = lip of the C channel; Bo = width of the flange of the built-up cross-section; Do = depth of the web of
the built-up cross-section; L = length of the built-up member; a = intermediate fastener spacing; ri = radius of gyration of the individual cross-section;
K = effective length factor; and r = radius of gyration of the built-up cross-section.

Table 2. Built-up column assembly sections and corresponding splice connection dimensions

Column
cross-section
type Specimen ID

Cross-section dimensions of
the built-up column assembly

(mm) Splice arrangements

B-flange
(Bo)

B-web
(Do)

Thickness
(t) Splice ID Locationa

Length
(Ls)
(mm)

Thickness
(mm)

Fastener
arrangement

(nf )
Splice
figure

Back-to-back
connected
lipped
channels

BBCL-100-50-1.5 100 100 1.5 Control-1 No splice No splice (disconnected column)

Control-2 No splice No splice (disconnected column)

SL-90-1.5-SR ¼ L and ¾ L 90 1.5 Single row Figs. 4(a–f)
SL-90-1.5-DR ¼ L and ¾ L 90 1.5 Double row Figs. 4(a–f)
SL-150-1.5-DR ¼ L and ¾ L 150 1.5 Double row Figs. 4(a–f)
SL-300-1.5-SR ¼ L and ¾ L 300 1.5 Single row Figs. 4(a–f)
SL-300-1.5-DR ¼ L and ¾ L 300 1.5 Double row Figs. 4(a–f)

Back-to-back
connected
unlipped
channels

BBCU-50-65-1.5 130 50 1.5 SL-100-1.5-DR ¼ L and ¾ L 100 1.5 Double row Figs. 4(g–l)
SL-150-1.5-DR ¼ L and ¾ L 150 1.5 Double row Figs. 4(g–l)
SL-200-1.5-DR ¼ L and ¾ L 200 1.5 Double row Figs. 4(g–l)
SL-300-1.5-DR ¼ L and ¾ L 300 1.5 Double row Figs. 4(g–l)

Back-to-back
connected
unlipped
channels

BBCU-70-50-1.5 100 70 1.5 SL-90-1.5-DR ¼ L and ¾ L 90 1.5 Double row Figs. 4(m–v)
SL-90-2.5-DR ¼ L and ¾ L 90 2.5 Double row Figs. 4(m–v)
SL-150-1.5-DR ¼ L and ¾ L 150 1.5 Double row Figs. 4(m–v)
SL-150-2.5-DR ¼ L and ¾ L 150 2.5 Double row Figs. 4(m–v)
SL-300-1.5-DR ¼ L and ¾ L 300 1.5 Double row Figs. 4(m–v)
SL-150-2.0-DR Middle 150 2.0 Double row Figs. 4(m–v)
SL-300-2.0-DR Middle 300 2.0 Double row Figs. 4(m–v)

Face-to-face
connected
unlipped
channels

FFCU-50-50-1.5 50 50 1.5 SL-90-1.5-DR ¼ L and ¾ L 90 1.5 Double row Figs. 4(m–v)
SL-90-2.5-DR ¼ L and ¾ L 90 2.5 Double row Figs. 4(w–aa)
SL-150-1.5-DR ¼ L and ¾ L 150 1.5 Double row Figs. 4(w–aa)
SL-150-2.5-DR ¼ L and ¾ L 150 2.5 Double row Figs. 4(w–aa)
SL-300-1.5-DR ¼ L and ¾ L 300 1.5 Double row Figs. 4(w–aa)
SL-300-2.5-DR ¼ L and ¾ L 300 2.5 Double row Figs. 4(w–aa)

aPlease see Fig. 2(d) for location details of the splices.
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was 12 mm. The minimum loading eccentricity (L=1,000) was
included in the built-up column specimen by aligning with the
end plates before welding. The flatness of the end base plate was
ensured by the grit blasting and manual grinding process for full
contact with the loading platen.

Material Properties of the CFS Steel Sheets

The material properties of the CFS steel sheets used for the
built-up columns were obtained from tensile coupon tests. The
tensile coupons were extracted from the steel channels (after
the press brake process). The coupon samples were taken from
both webs and flanges of the CFS channels using the wire cut
process, as shown in Fig. 5(a). The tensile test coupon dimensions
conform to the ASTM E8 Standard (ASTM 2013). The tensile
coupon test was carried out using an MTS Universal Testing
Machine of 100 kN capacity. A constant displacement rate of
0.5 mm=min was applied for the tensile coupon tests with the help
of extensometers [Fig. 5(b)]. A data-acquisition system was used
to obtain the test readings (load, displacement, and strain). The
static loading was achieved by pausing the applied displacement
at 0.2% tensile strain and three more points before reaching the
ultimate stress. Pausing the applied load will relax the stress in
the tensile test coupons. The material properties obtained from the
tensile test are summarized, including Young’s modulus of steel
(Es), yield strength of steel (fy), ultimate tensile strength (fu), and
strain at fracture (εf) in Table 3.

Test Setup

The axial loading test setup for the built-up column assembly with
a splice connection is shown in Fig. 6. The tests were conducted

using the Microtest servo-controlled hydraulic compression test-
ing machine. The bottom end platen of the compression testing
machine is equipped with a hydraulic piston (move up and down)
for displacement control and application. A rigid connection was
provided at both ends of the column to ensure fixity by restraining
the translation, warping, and rotation. The shim plates (thickness
0.5 mm) were used for ensuring proper seating of columns on the
machine’s platen. The center of gravity of both the top and bottom
end plates is positioned with the center of gravity of the machine’s
platens. The compression load was applied in displacement control
mode at a constant rate of 0.2 mm=min. The axial displacement
(shortening) of the column was obtained from the noncontact lin-
ear variable displacement transducer (NCDT), which was fitted
additionally on top of the machine’s bottom platen and the linear
variable displacement transducer (LVDT), which is inbuilt with the
machine’s bottom piston. The loading and corresponding displace-
ment data were acquired by the data-acquisition system at regular
intervals. It was observed that the axial shortening measurements
using NVDTand inbuilt LVDTare almost the same for all the spec-
imens; only for a few specimens, however, these measurements
were varying in the post-peak zone due to sudden instability failure.
Therefore, the inbuilt LVDT displacement readings were used for
plotting the axial load (kN) versus axial displacement curves for
consistency.

Table 3. Material properties of the CFS column and splices

Cold-formed
steel component Thickness

E
(GPa)

fy
(MPa)

fu
(MPa) εf

Built-up column
assemblies

1.5 202.7 378.3 442.8 18.2

Splices 1.5 202.7 378.3 442.8 18.2
2.0 211.5 330 425 18
2.5 214.8 329.6 417.3 18

Note: E = Young’s modulus of steel; fy = yield strength of steel; fu =
ultimate tensile strength; and εf = strain at fracture.

(a) (b)

Wire guider

Wire electrode

Fig. 5. (a) Wire-cutting process for coupon testing; and (b) testing of
CFS coupons in universal testing machine.
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Fig. 6. Test arrangements for compression testing of CFS columns
with splice connections.
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Results and Discussion

The experimental results, including structural behavior of actual
columns, splice connected columns, and splice components, are
summarized in Table 4, with corresponding axial load and failure
modes. It was observed that the length of the splice (Ls) and the
number of fastener rows (nf ) played an influential role in the trans-
fer of force between two disconnected built-up column members.
Further, it was observed that the web portion of the splice restrains
the flanges of the column from displacement (buckling) and lets the
flanges of the splice transfer force between the column flanges.
This shows that the individual unstiffened plate type splice connec-
tions used in the hot-rolled steel column shown in Fig. 1(a) do not
suit the CFS column-to-column connections as the flange and web
of the splice need to act together as a stiffening element to each
other to control the complex buckling modes of CFS channels.
The load-displacement curves, their corresponding failure modes,
and the effect of splice connections are shown in Figs. 7–13. The
load-displacement curves and failure modes of actual columns,
disconnected columns, and columns with splice connections are
shown in the same figures for easy comparison.

Actual Column (without Splice) Behavior and Design
Strength

Prior to the testing of the built-up column with splice connections,
an actual column with no splice connection was tested for all four

different built-up cross-sections. The stiffness of the actual columns
is shown in Figs. 7(a), 8(a), 9(a), 10(a), and 11(a) (curves with
legend “Actual”) are stiff until reaching 95% of the ultimate load
and the failure modes are global buckling (BBCL-100-50-1.5) and
interaction between local and global buckling (BBCU-50-65-1.5,
BBCU-70-50-1.5, and FFCU-50-50-1.5).

The failure mode photos of the actual columns, as shown in
Figs. 9(b), 10(b), and 11(b), indicate that the load is spread uni-
formly to the cross-section and the load is transferred fully from
both the ends to the middle portion of the column as the local buck-
ling with global interaction occurred near the column’s midlength.
The design strength (PDSM) of the actual column is calculated using
the direct strength method (DSM) (AISI 2020) with a modified
global slenderness approach (Section II.2 of AISI 2020) and a
modified local slenderness approach (Selvaraj and Madhavan
2022). The modified global slenderness approach applies to back-
to-back connected and face-to-face connected built-up cross-
section columns, while the face-to-face connected columns require
the addition of a modified local slenderness approach for incorpo-
rating the effect of intermediate connection spacing to the local-
global interactive buckling strength (Selvaraj and Madhavan 2022).
The calculated design strengths (PDSM) of the actual columns are
shown with the corresponding experimental strength of the column
in Table 4. It shows that the AISI’s DSM method with modified
global and local slenderness approaches are accurately predicting
the design strength of the columns. If the splice connected column’s

Table 4. Strength comparison of built-up column assembly sections with splice connection arrangements

Column type

Built-up column assembly
experimental results

Design
capacity
as per

AISI S100
(AISI 2020)
(PDSM) (kN)

Experimental results of built-up column with splice arrangements

Specimen ID

Axial
load
(PT)
(kN) Splice ID Locationa

Length
(Ls)
(mm)

Thickness
(mm)

Fastener
arrangement

(nf )

Failure
modes
figures

Axial
load
(PT-C)
(kN)

Back-to-back
connected
lipped
channels

BBCL-100-50-1.5 172.05 167.11 Control-1 No splices No splices Fig. 7(b) 54.87

Control-2 No splices No splices Fig. 7(c) 61.16

SL-90-1.5-SR ¼ L and ¾ L 90 1.5 Single row Fig. 8(b) 62.40
SL-90-1.5-DR ¼ L and ¾ L 90 1.5 Double row Fig. 8(c) 108.39
SL-150-1.5-DR ¼ L and ¾ L 150 1.5 Double row Fig. 8(d) 119.74
SL-300-1.5-SR ¼ L and ¾ L 300 1.5 Single row Fig. 8(e) 152.25
SL-300-1.5-DR ¼ L and ¾ L 300 1.5 Double row Fig. 8(f) 170.18

Back-to-back
connected
unlipped
channels

BBCU-50-65-1.5 95.82 94.93 SL-100-1.5-DR ¼ L and ¾ L 100 1.5 Double row Fig. 9(c) 39.29
SL-150-1.5-DR ¼ L and ¾ L 150 1.5 Double row Fig. 9(d) 51.91
SL-200-1.5-DR ¼ L and ¾ L 200 1.5 Double row Fig. 9(e) 85.31
SL-300-1.5-DR ¼ L and ¾ L 300 1.5 Double row Fig. 9(f) 97.98

Back-to-back
connected
unlipped
channels

BBCU-70-50-1.5 106 106.22 SL-90-1.5-DR ¼ L and ¾ L 90 1.5 Double row Fig. 10(c) 37.64
SL-90-2.5-DR ¼ L and ¾ L 90 2.5 Double row Fig. 10(d) 51.02
SL-150-1.5-DR ¼ L and ¾ L 150 1.5 Double row Fig. 10(e) 54.51
SL-150-2.5-DR ¼ L and ¾ L 150 2.5 Double row Fig. 10(f) 63.19
SL-300-1.5-DR ¼ L and ¾ L 300 1.5 Double row Fig. 10(g) 107.54
SL-150-2.0-DR Middle 150 2.0 Double row Fig. 10(h) 48.63
SL-300-2.0-DR Middle 300 2.0 Double row Fig. 10(i) 79.22

Face-to-face
connected
unlipped
channels

FFCU-50-50-1.5 96.91 92.23 SL-90-1.5-DR ¼ L and ¾ L 90 1.5 Double row Fig. 11(c) 41.84
SL-90-2.5-DR ¼ L and ¾ L 90 2.5 Double row Fig. 11(d) 43.40
SL-150-1.5-DR ¼ L and ¾ L 150 1.5 Double row Fig. 11(e) 42.06
SL-150-2.5-DR ¼ L and ¾ L 150 2.5 Double row Fig. 11(f) 65.41
SL-300-1.5-DR ¼ L and ¾ L 300 1.5 Double row Fig. 11(g) 93.60
SL-300-2.5-DR ¼ L and ¾ L 300 2.5 Double row Fig. 11(h) 98.07

Note: PT = experimental capacity of the actual built-up columns; PDSM = design capacity of the actual built-up columns as per direct strength method of
AISI S100 (AISI 2020); and PT-C = experimental capacity of the disconnected and splice connected built-up columns.
aPlease see Fig. 2(d) for location details of the splices.
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Fig. 7. Structural response and failure modes of CFS back-to-back connected lipped channel built-up column assembly (BBCL-100-50-1.5):
(a) load-displacement plot, comparison between actual column (without any cut or connections) and disconnected column; and (b–e) failure modes
of disconnected column.
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Fig. 8. Structural response and failure modes of CFS back-to-back connected lipped channel built-up column assembly (BBCL-100-50-1.5):
(a) load-displacement plot, comparison between actual column (without any cut or connections) and splice connected columns; (b) SL-90-1.5-SR;
(c) SL-90-1.5-DR; (d) SL-150-1.5-DR; (e) SL-300-1.5-SR; and (f) SL-300-1.5-DR failure modes of splice connected CFS columns.
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ultimate experimental strength (PT-C) is higher than the correspond-
ing actual column design strength (PDSM), then it can be assumed
that the provided splice connection configuration is sufficient for
load transfer.

Disconnected Column (without Connection)

The column with disconnection at one-fourth L distance from
both ends was tested (two samples, Splice ID, “Control 1” and
“Control 2”) for checking the structural behavior, as shown in
Fig. 7. The specimens did not resist the load at the initial stage
[marked in Fig. 7(a)]; after the application of 2 mm axial displace-
ment (settlement), however, they started resisting the load; more-
over, the local failure occurred at the cut locations, as shown in
Figs. 7(b–e). Though there is a cut between the two individual
limbs, the specimens were resisting up to 54.87 kN (PT-C=PDSM ¼
0.33) and 61.17 kN (PT-C=PDSM ¼ 0.37), respectively. This late
resistance offered by the disconnected columns may be attributed
to the fact that the web portion of the individual limbs is already

well connected with each other with two rows of fasteners, which
can distribute the force between the members to some extent.
However, the failure occurred due to the buckling of the flange in
the continuous limb [Fig. 7(d)], resulting in a bent toward the dis-
continuity side, as shown in Fig. 7(e).

Influence of Various Design Parameters of Splice
Connections

Having understood the structural behavior of the actual column,
i.e., its design strength, disconnected column, and its structural
behavior, the four different built-up column cross-section assem-
blies with the splice connections were investigated with various
design parameters (length of the splice, splice location, plate thick-
ness, and fastener arrangement).

Back-to-back connected lipped channels built-up cross-section
assembly: First, BBCL-100-50-1.5 specimens with splice connec-
tions were tested. The specimen with a 90 mm splice connection
and a single row of fasteners (SL-90-1.5-SR) attained 62.4 kN,
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Fig. 9. Structural response and failure modes of CFS back-to-back connected unlipped channel built-up column assembly (BBCU-50-65-1.5):
(a) load-displacement plot, comparison between actual column (without any cut or connections) and splice connected columns; (b) failure mode
of actual column; (c) SL-100-1.5-DR; (d) SL-150-1.5-DR; (e) SL-200-1.5-DR; and (f) SL-300-1.5-DR failure modes of splice connected CFS
columns.

© ASCE 04022250-10 J. Struct. Eng.

 J. Struct. Eng., 2023, 149(3): 04022250 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

"I
nd

ia
n 

In
st

itu
te

 o
f 

T
ec

hn
ol

og
y,

 H
yd

er
ab

ad
" 

on
 0

8/
24

/2
3.

 C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



which is 37.3% of the design capacity of the built-up cross-
section (PDSM of BBCL-100-50-1.5 is 167.11 kN), and the failure
mode is outward distortional buckling near the splice connections,
as shown in Fig. 8(b). The next specimen SL-90-1.5-DR is with a
90 mm splice length and two rows of fastener connections, which
attained (108.39 kN) 64.86% of the PDSM of BBCL-100-50-1.5.
Though this strength is higher than that of the single-row fastener
splice (SL-90-1.5-SR), there is no improvement in the failure
mode in SL-90-1.5-DR (distortional buckling near the splices)
compared with the SL-90-1.5-SR, as shown in Figs. 8(b and c).
This indicates that, even though the two rows of fasteners im-
proved the strength, the stiffness and failure modes did not
improve compared with those of single-row fasteners (compare
load versus displacement curve and failure modes of SL-90-
1.5-SR and SL-90-1.5-DR in Fig. 8). In the next specimen, the
length of the splice was increased to 150 mm with two rows of
fasteners (SL-150-1.5-DR). This specimen’s ultimate load was
119.74 kN, which is not a significant improvement compared with
the 90 mm splice with two rows of fasteners; the failure mode also
did not improve, with localized failure at the splice connection
location [Fig. 8(d)]. The built-up cross-section column with a
splice of 300 mm length and single-row fastener (SL-300-1.5-SR)
improved the ultimate strength, but the failure mode is not desir-
able. The SL-300-1.5-SR specimen failed in localized flexural
buckling of the single limb, as shown in Fig. 8(e). This indicated
that the splice configuration of 300 mm length and a single row of
the fastener are not sufficient for attaining the strength equal to
the actual column. In the next specimen, with the same 300 mm

length of the splice, the number of fasteners is increased to two
rows (SL-300-1.5-DR). After adding an additional row of fas-
teners in a 300 mm splice, the column strength increased to
170.18 kN (PT-C); there is no nonuniform failure at the splice lo-
cation, as shown in Fig. 8(f). Both the individual channels in the
built-up cross-section of SL-300-1.5-DR are buckled simultane-
ously with the almost same pattern (outward displacement of
the flange and inward movement of the web at the splice location)
and with no significant global buckling. This combined effect of
longer length splice and two rows of fasteners is necessary for the
uniform force transfer between one member to the other. The two
rows of fasteners keep the flanges of the splice intact with the
column flanges and enable force transfer without distortional
buckling [Fig. 8(f)], while the single row of fasteners could not
resist the buckling of the element, as shown in Fig. 8(e). This in-
dicates that the 300 mm splice connection with two rows of fas-
teners is sufficient for force transfer between the two connecting
limbs of a built-up member.

The above interpretation pertaining to the structural behavior
of the splice connections indicates the following: (1) the fastener
connections in the flange portion of the splice transfer the load
(Figs. 12 and 13); (2) the web portion of the splice restrains the
displacement of the individual channel flanges of the built-up
cross-section (Fig. 13); (3) as the length of the splice increases,
the constraining length increases (overlapping with the fastener
connection); therefore, the adequacy of the splice connection in-
creases; and (4) two rows of fastener connection are necessary to
keep the splice element intact with the column flanges (Fig. 13).
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Fig. 10. Structural response and failure modes of CFS back-to-back connected unlipped channel built-up column assembly (BBCU-70-50-1.5):
(a) load-displacement plot, comparison between actual column (without any cut or connections) and splice connected columns; (b) failure mode
of actual column; (c) SL-90-1.5-DR; (d) SL-90-2.5-DR; (e) SL-150-1.5-DR; (f) SL-150-2.5-DR; (g) SL-300-1.5-DR; (h) SL-150-2.0-middle; and
(i) SL-300-2.0-middle failure modes of splice connected CFS columns.
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The load transfer effect of the splice connection is depicted in
Figs. 12(c and d).

Back-to-back connected unlipped channels built-up cross-
section assembly: The next set of specimens are of back-to-back
connected unlipped channels (BBCU-50-65-1.5) in which four
different splice lengths are tested with two rows of fasteners. The
structural behavior and influence of splice (force transfer and con-
straining effect) are similar to those of the previous set of speci-
mens in BBCL-100-50-1.5. The results of different splice length
variations (SL-100-1.5-DR, SL-150-1.5-DR, SL-200-1.5-DR, and
SL-300-1.5-DR) in the BBCU-50-65-1.5 specimen set indicate that
a minimum of 300 mm length splice with two fastener rows is re-
quired for uniform transfer of force in the built-up cross-sections.
This can be observed in Fig. 9, where only the SL-300-1.5-DR
specimen (97.98 kN) reached the load beyond PDSM (94.93 kN).
It should be noted that all the tested splices in a specimen set,

i.e., BBCL-100-50-1.5 and BBCU-50-65-1.5, are of 1.5 mm thick-
ness. To further investigate the effect of thickness of splice, the next
set of specimens, i.e., BBCU-70-50-1.5, were tested with various
thicknesses. The built-up column cross-sections were tested with
two thicknesses of splices 1.5 and 2.5 mm, but the difference
between 1.5 and 2.5 mm thick splices of 90 and 150 mm is not
significant (compare SL-90-1.5-DR versus SL-90-2.5-DR and
SL-150-1.5-DR versus SL-150-2.5-DR in Table 4) in terms of
failure modes and strength improvements, as shown in Fig. 10.
Only the 300 mm length splice with 1.5 mm thickness and two
rows of fasteners (SL-300-1.5-DR; PT-C ¼ 107.54 kN) attained the
required design load (PDSM ¼ 106.22 kN).

Face-to-face connected unlipped channels built-up cross-section
assembly: In addition to the difference in the cross-section shape,
the main difference between the fabrication of back-to-back and
face-to-face connected built-up cross-sections is that, in the former,
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Fig. 11. Structural response and failure modes of CFS face-to-face connected unlipped channel built-up column assembly (FFCU-50-50-1.5):
(a) load-displacement plot, comparison between actual column (without any cut or connections) and splice connected columns; (b) failure mode
of actual column; (c) SL-90-1.5-DR; (d) SL-90-2.5-DR; (e) SL-150-1.5-DR; (f) SL-150-2.5-DR; (g) SL-300-1.5-DR; and (h) SL-300-2.5-DR failure
modes of splice connected CFS columns.
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only the webs are connected by a fastener [Figs. 3(a–c): only one
element in each cross-section is connected]; in the latter flanges,
both channels are connected [Fig. 3(d): the flanges in individual
cross-sections are connected]. Due to the presence of two flange
fastener connections in face-to-face connected cross-sections, it is

expected that the smaller length of the splice may be enough to
increase the stability and force transferring ability of the closed
built-up cross-sections. However, this expectation was not true,
as only the specimens with 300 mm splice {SL-300-1.5-DR ¼
93.60 kN and SL-300-2.5-DR ¼ 98.07 kN [Fig. 11(a)]} were able
to attain the required design load (PDSM of FFCU-50-50-1.5 ¼
92.23 kN) (Table 4). It should also be noted that, even the higher
thickness splices of 2.5 mm thickness in 90 and 150 mm length
could attain only up to 47% and 71% of the design load [Table 4
and Fig. 11(a); compare SL-90-2.5-DR versus SL-150-2.5-DR].
In addition, the difference between the 1.5 and 2.5 mm thickness
splices in 300 mm length is less than 5%, indicating that the length
of the splice (constraining length) is more effective than the thick-
ness of the splice. The failure modes of FFCU-50-50-1.5 set spec-
imens are shown in Fig. 11.

Splice at the midlength height of the column: Having discussed
the efficacy of the length and thickness of the splice, the provision
of a splice at the midlength was also investigated. The midlength
splice was introduced in the BBCU-70-50-1.5 set specimens.
Here, the built-up cross-section was fully cut and joined by the
splice, as shown in Figs. 4(s–v). Therefore, to increase the cross-
section integrity, the splices were joined perpendicular to the in-
termediate fastener connections, as shown in Figs. 4(t and u).
The midlength connection test results indicate that the constrain-
ing effect of 150 mm (SL-150-2.0-DR) and 300 mm (SL-300-
2.0-DR) splice with 2 mm thickness is not sufficient for force
transfer between the built-up members. This can be observed from
load-displacement curves with significant loss and gain in stiff-
ness followed by sudden load drop [Fig. 10(a)] with global failure
[Figs. 10(h and i)].

Considerations for Practical Application

The above interpretations pertaining to the structural response and
failure modes of the splice connections in CFS built-up columns
with various parameters can be summarized as follows for practical
implementation:
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Fig. 13. Force transfer and the constraining effect of the splice in the
built-up column-to-column connections.
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1. The length of the splice connection shall be a minimum of
300 mm for back-to-back and face-to-face connected CFS
built-up column cross-sections [Figs. 14(b and c)]. The cross-
section dimensions of the splice should be the same as the
cross-section dimensions of the built-up column [Fig. 14(c)]
or oversized splices [Figs. 14(a and b)] with similar geometry
for simple assembly.

2. The location of the joint or splice connection shall not be at
the midlength of the column (high moment and large displace-
ment region). However, the column connection should be con-
figured such that one splice is at L/4 distance from one end, and
the other splice is provided at L/4 distance from the other end
[Figs. 2(d) and 4(a and b)]. This is to ensure that the built-up
column is not fully cut or joined at one location.

3. As observed from the 24-splice connected built-up column test re-
sults, the thickness of the splice connection does not significantly
influence the strength and failure modes of the built-up-column
cross-section; nevertheless, it is ascertained that the minimum
splice thickness shall be equal to the column cross-section.

4. To have uniform force transfer between the built-up column and
constrain the flanges of the built-up cross-sections from buck-
ling, it is suggested to provide two rows of fastener connections.
It should be noted that the aforementioned suggestions are limited

to the column cross-sections and length studied in this investigation.
The splice configurations used for the shorter column may also apply
to longer columns due to lower axial compression strength. How-
ever, further investigations are required on various cross-sections
with different slenderness ratios to confirm this hypothesis.

Conclusions

An experimental investigation of the structural behavior and
strength of built-up columns with splice connections consisting of

different cross-sectional dimensions, splice locations, thickness of
the splice, and a number of fastener rows are presented in this paper.
The new splice connection method for the built-up members in the
CFS construction is demonstrated in the form of detailed drawings.
The behavior of actual columns and disconnected columns is tested
first to compare the behavior and adaptability of the new splice
connections. The structural adequacy of the splice connections is
verified by comparing the strength of the splice connected columns
(PT-C) with the design strength (PDSM) of the corresponding actual
columns. The test results indicate that the increase in splice length
with two rows of fastener connections increases the adequacy of
the force transfer between the two built-up column cross-sections.
It was discovered that the increase in thickness of the splice con-
nection is less effective than increasing the splice length. It is
profoundly suggested not to use the traditional flat plate splice
connections, which are typically used in the hot rolled steel column
construction, as the splice connection concept for CFS connection
necessitates the integration between web and flange of the splice;
the flanges of the splice connections transfer the load through the
fastener connections, and the web portion constrains the buck-
ling of the built-up cross-sections. Based on the observed structural
behavior and failure modes, a set of recommendations for practical
implementation is summarized. The suggested splice connection
concept should use the same size and shape of the CFS channel
as the built-up column cross-section for ease of connection
installation.

Data Availability Statement

All data, models, or code generated or used during the study appear
in the published article.

(a)

Oversize
splice

provision

Oversize
splice

provision
Same size/shape

splice

M
in

im
um

 sp
lic

e
le

ng
th

 (3
00

 m
m

)

M
in

im
um

 sp
lic

e
le

ng
th

 (3
00

 m
m

)

(b) (c)

12
0 

m
m

12
0 

m
m

30
0 

m
m

12
0 

m
m

30
0 

m
m

12
0 

m
m

t t

t
t

t

t

Fig. 14. Recommendations for the splice configuration in column-to-column connections in built up column assembly.
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